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ABSTRACT 
 
 The contemporary presence of the Puli Topographic Embayment (PTE) within the 
Taiwanese thrust belt provides insight into processes that initiate and maintain a 
subcritical state in a thin-skinned compressive wedge. Orogen-scale analyses of Taiwan 
have succeeded in describing the processes and interactions that affect overall 
development of the thrust belt, however relatively little is known about which processes 
or boundary conditions control first order organization of strain at intermediate scales 
within the orogenic wedge.  We investigate spatial and temporal scales of variation in the 
overall topographic and structural architecture of a critical wedge and explore the 
boundary conditions that affect very rapid shortening and erosion at intermediate scales 
on the order of 101 kilometers and 104-105 years. Causal links between the structural and 
synorogenic stratigraphic architecture of the foreland basin and coincidence of the Puli 
Topographic Embayment provide a valuable case study of the effects of changing 
boundary conditions (e.g. variable erodibility or strength of rocks along strike) 
controlling the evolution of critically tapered thin-skinned orogens. Deeper and relatively 
more rapid incision of river networks into a thicker sequence of unconsolidated 
synorogenic sediments in the central western foreland may affect the onset of a 
topographically subcritical state, and currently affects the kinematics of active thrusting.  
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Additionally we provide new estimates for potential seismic hazard on the Shuilikeng 
Fault. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
 
ACKNOWLEDGEMENTS 
 
I would like to thank my family, advisors, colleagues and friends all for encouraging me to 
go further and ask more questions. Thanks are due to the Chinese Petroleum Company, Chi 
Wen-Rong and Yang Kenn-Ming for access to their data, and many helpful (and at times 
boisterous) discussions. John Suppe and Tony Watts were also immensely helpful in 
offering comments and enlightening discussion. I owe a debt of gratitude to Chen Yue-Gau, 
Chung Ling-Ho, Huang Shao-Yi and Lee Po-Nong for their help and insights in the field, in 
addition to all of my other friends in Taiwan for their indispensable help, hospitality and 
good company, which made this work so enjoyable.  
 
This research was funded in part by NSF grant #: EAR-0510971 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi 
 
CONTENTS 
Chapter:  
1. Introduction……………………………………………………………………………..1 
 1.1 Motivation……………………………………………………………………..1 
 1.2 Background……………………………………………………………………3 
 1.3 Outline…………………………………………………………………………8 
2. Linking Taiwan's subcritical Hsuehshan Range topography and foreland basin                                                  
    architecture…………………………………………………………………………….11 
 2.1 Introduction………………………..………………………..………………..11 
  2.1.1 Puli Topographic Embayment …………………………………….13 
  2.1.2 Critical wedges………………………..……………………………17 
 2.2 Topography and taper of western Taiwan…………………….......................18 
 2.3 Foreland and western thrust belt architecture: Stratigraphy and structure......21 
  2.3.1 Miocene – Pliocene synorogenic stratigraphy…………………......24 
  2.3.2 Late Pliocene – Quaternary synorogenic sediments…………….....24 
  2.3.3 Extensional structures in the foreland………………………...........26 
 2.4 Thrust belt development and foreland properties………………………........28 
 2.5 Modeling critical wedges with variable material properties…………………31 
  2.5.1 Modeling methods………………………..………………………..32 
  2.5.2 Model runs………………………..………………………..............32 
  2.5.3 Model results………………………..………………………...........35 
   2.5.3.1 Model 1………………………..………………………....35 
   2.5.3.2 Model 2………………………..………………………....35 
   2.5.3.3 Model 3………………………..………………………....36 
 2.6 Discussion………………………..………………………..…………………36 
 2.7 Summary………………………..………………………..…………………..40 
3. Erosional control of thrust kinematics in western Taiwan……………………….........42 
 3.1 Introduction………………………..………………………............................42 
 3.2 Methods………………………..………………………..……………………47 
  3.2.1 Structural restorations………………………..…………………….47 
 vii 
  3.2.2 Field observations and topographic analysis……………………....48 
  3.2.3 Numerical modeling………………………..………………………49 
 3.3 Results………………………..………………………..……………………..49 
  3.3.1 Quaternary shortening in the Western Foothills from structural  
                                 restorations………………………..………………………..………50 
  3.3.2 Shortening within the Puli Topographic Embayment……………...51 
  3.3.3 Foreland stratigraphy vs. topography………………………...........54 
  3.3.4 Numerical model results………………………..………………….56 
   3.3.4.1 Modeled topography………………………......................57 
   3.3.4.2 Modeled horizontal displacement………………………..59 
   3.3.4.3 Modeled shear strain………………………......................60 
 3.4 Discussion………………………..………………………..…………………61 
  3.4.1 Tectonic segmentation and lithologic architecture…………….......61 
  3.4.2 Puli Topographic Embayment infilling and kinematics…………...63 
  3.4.3 Geodesy………………………..………………………..………....65 
 3.5 Summary………………………..………………………..……………….....66 
4. Seismic hazard within the Puli Topographic Embayment, western Taiwan………….69 
 4.1 Introduction………………………..………………………...........................69 
 4.2 Tectonic framework of the Taiwanese thrust belt……………………….......71 
 4.3 Active deformation within the Puli Topographic Embayment………………74 
 4.4 Active faults and folds within the Puli Topographic Embayment…………...79 
  4.4.1 The Shuilikeng fault………………………......................................80 
  4.4.2 The Meiyuan fault and secondary structures……………………....81 
 4.5 Estimations of maximum Mw for the Shuilikeng fault……………………...82 
 4.6 Summary and Conclusions………………………..………………………....86 
5. Bibliography..................................................................................................................87 
 
 
 
 
 
 viii 
LIST OF TABLES 
Table 1...............................................................................................................................78 
Table 1...............................................................................................................................78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ix 
LIST OF FIGURES 
Figure 1.1.............................................................................................................................4 
Figure 1.2.............................................................................................................................6 
Figure 2.2...........................................................................................................................11 
Figure 2.2...........................................................................................................................14 
Figure 2.3...........................................................................................................................15 
Figure 2.4...........................................................................................................................23 
Figure 2.5...........................................................................................................................29 
Figure 2.6...........................................................................................................................34 
Figure 2.7...........................................................................................................................40 
Figure 3.1...........................................................................................................................43 
Figure 3.2...........................................................................................................................50 
Figure 3.3...........................................................................................................................53 
Figure 3.4...........................................................................................................................56 
Figure 3.5...........................................................................................................................58 
Figure 3.6...........................................................................................................................61 
Figure 3.7...........................................................................................................................67 
Figure 4.1...........................................................................................................................72 
Figure 4.2...........................................................................................................................73 
Figure 4.3...........................................................................................................................75 
Figure 4.4...........................................................................................................................76 
Figure 4.5...........................................................................................................................84 
 
 1 
CHAPTER 1 
INTRODUCTION 
 Orogeny and erosion can be thought of as opposing forces of nature, 
manifested in the continual creation, evolution and eventual destruction of the 
myriad landscapes on Earth; they are inexorably linked and influenced by each 
other in turn.  These tectonic processes fundamentally affect the distribution of 
mass in and on the Earths crust, by either concentrating material in an area or 
removing it and transporting it elsewhere. They are ultimately driven by the 
constant flow of energy both through and around the Earth; body energy (in the 
forms of heat, gravitational potential energy) driving large-scale motions of 
tectonic plates and solar energy driving the circulation of our atmosphere. The 
Earth can be summed up as little more than a spherical blob of stellar condensate 
cooling off in space, encased in a light rime of silicate flotsam and thinly glazed 
with an abrasive triphasic mixture of water and various gasses. 
 The encompassing scale of the preceding observation offers little intrinsic 
value other than perhaps to inspire humility and wonder. From the human-scale 
viewpoint of contemporary society however, understanding the finer details of the 
various processes that shape our planet is becoming ever more vital to our 
continued growth and advancement, not to mention survival.  
 
1.1. MOTIVATION 
 The wide spread adoption of the theory of plate tectonics, which marked 
an important shift in the paradigm of geologic science, occurred only within the 
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last half-century or so.  The advent of remote sensing and global coverage of 
multi-source data in the 1960's and 1970's aided the study of plate tectonics a 
great deal. In 1983, Davis, Suppe and Dahlen published a seminal paper on the 
mechanics of fold-and-thrust belts and accretionary wedges. Their paper (which 
has subsequently been cited more than a thousand times) proposed the model of a 
critically tapered coulomb wedge to explain the observed shapes of active fold-
and-thrust belts around the globe. Further research based on critical tapers 
revealed that this mechanical model could also predict the kinematics of active 
fold-and-thrust belts, and eventually led to the recognition of the importance of 
erosion with regards to the kinematics of a growing thin-skinned orogen. 
 Since the early 1980s, Taiwan has been frequently referred to as the 
archetypal example of active thin-skinned critical wedge orogeny on this planet. 
The island of Taiwan is relatively small at a little over 30,000 square kilometers 
and is situated at the syntaxis of the Ryukyu and Manila subduction trenches. This 
unique geologic setting means that the island is subject to extremely rapid 
deformation and frequent earthquakes. As with most subduction related orogens, 
the majority of this seismicity is focused along or near the subduction zone 
interfaces, mostly at considerable depths. There are of course shallow earthquakes 
as well which deform (and ultimately build) the subaerial portion of Taiwan, and 
these are by far the most potentially damaging. On September 21st 1999, the 7.6 
Mw Chichi earthquake rocked central Taiwan, rupturing for more than 100km 
along the length of the Chelungpu fault. In Taiwan, it is simply referred to as the 
921 earthquake; more than two thousand people lost their lives and the region 
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suffered billions of dollars of damage to buildings and infrastructure. Ultimately, 
this tragic event motivated hundreds of subsequent studies (including this one), 
focused on better understanding the Chelungpu fault and the processes affecting 
the continuing tectonic evolution of the island. 
 The trace of the Chichi rupture is spatially coincident with an adjacent 
region of lower-than-average topography and relief, which I refer to as the Puli 
Topographic Embayment (PTE). Before the 921 earthquake, the existence of this 
unique region and the processes responsible for its evolution were poorly 
understood. In addition to this powerful earthquake, published Free-Air and 
Bouguer gravity maps of the island (Yen et al., 1990; Yeh and Yen, 1992) show a 
significant gravity low in the central western foreland and throughout the PTE.  
Working from the hypothesis that this topographically lower area might represent 
a mass deficit within an otherwise critically tapered wedge, I wanted to 
understand how such a disturbance to a steady state orogen would affect wedge 
kinematics, as well as why it formed in the first place. 
 
1.2. BACKGROUND 
 Critical coulomb wedge theory explains the physical form of cohesionless 
materials in a gravitational field, under gravity-normal (i.e. horizontally directed) 
compression. Although that sounds complicated, the concept is fairly simple. 
Anyone who has shoveled snow off a driveway has witnessed the formation of a 
critical wedge (Figure 1.1).  A shovel acts as a rigid backstop, pushing snow 
ahead of the blade. As the blade moves forward and the snow ahead of it starts to 
 4 
slide along on top of the driveway, the snow begins to pile up against the shovel 
blade. As the blade of the shovel keeps moving forward, the pile of snow grows 
wider in the direction of sliding and higher against the shovel, sloping away from 
the blade with a consistently tapered shape. The precise shape of the pile is a 
function of the forces and material properties involved: gravity, friction, density 
and strength.  
 
Figure 1.1. A wedge of snow in front of a shovel, and schematic cross section of the wedge. 
 
 
 According to Newtonian physics, a force applied to any body is met with 
an equal but opposite reaction force. In the case of a critical wedge this means that 
the driving force pushing the material forward is opposed, primarily by friction 
along the sliding base of the wedge. The force of friction in turn is a function of 
the mass of the material wedge above the sliding surface. In order to balance the 
driving force and frictional resistance, the wedge of sliding material will thicken 
(via internal failure, shortening and frontal accretion of more material), increasing 
in mass and sliding resistance against the forces driving the wedge forward.  This 
process is perfectly illustrated in the act of pushing a shovel as far as possible 
down your snowy (and perhaps very long) driveway. At some point there will be 
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so much snow in front of the shovel that you will be unable to push it any further. 
The internal material strength of the wedge dictates how well it can withstand 
compression before failing and thickening vertically, and so affects the resulting 
surface slope of the wedge. For the simple case of a dry cohesionless coulomb 
wedge sliding on a flat horizontal surface, the surface slope of the wedge (α) is a 
function of both the friction along its base and the strength of the material in the 
wedge: 
α = µb / (k +1) 
where µb is the coefficient of basal friction, and k is the coulomb fracture strength 
of the wedge material. Generally, increasing the resistance to sliding along the 
decollement will tend to make the topographic slope steeper (thickening the 
wedge), whereas increasing the internal strength of the wedge will tend to lower 
the topographic slope (thinning the wedge). In geologic settings, the slope (β) of 
the decollement is never really zero (except perhaps in some limited cases). In 
addition, material strength is affected by environmental variables such as pore 
fluids and temperature. For thin-skinned orogenic wedges that lie above the 
brittle-plastic transition depth of crustal rocks, temperature can be largely ignored 
since brittle failure is the dominant mode of deformation. Pore fluid pressure and 
decollement fluid pressure however are important and can significantly weaken 
rocks. Considering these qualities   (slope of the decollement, strength of basal 
layer, strength of wedge material, pore fluid pressures), the solution for the 
critical topographic slope becomes: 
α = (1-λb) µb - (1-λi) kβ 
    (1-λi) k+1 
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where: 
 
λi = pi/ρgt and λb = pb/ρgH 
 
 The internal fluid pressure ratio is represented by λi, and decollement fluid 
pressure ratio λb. The term pi is the internal pore fluid pressure of the wedge and 
pb is the basal pore fluid pressure.  The variable ρ denotes density, gravity is 
denoted by g while t and H are dimensions of the wedge. The definition of 
"critical taper" (α+β) refers to the steady state of forces balanced within the 
material wedge. The limiting factor of material strength means that the rocks 
comprising a critical wedge are maintained right at their threshold of mechanical 
failure at every point throughout the wedge. The taper angle that results is the 
unique shape required to maintain this steady-state force balance (Figure 1.2). 
 
Figure 1.2. Free body diagram of a critical wedge, with tractions and their relationship to wedge 
properties. 
 
 Critical coulomb wedges and their relevance to mountain building were 
originally studied in a special sandbox designed to horizontally compress layers 
of sand. The ability to precisely and freely control the progression of deformation 
to closely observe the structural evolution of a critical wedge allowed geologists 
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their first opportunity to observe thin-skinned thrust kinematics in ideal 
conditions, and within minutes. Most importantly, this convenient technique 
allowed for the experimental control of various parameters that affect wedge 
growth.  
 With the development of computers and modern computational 
techniques, many studies of thrust wedges now rely on "virtual" sandboxes: 
computer programs coded according to all the various mechanical constraints of 
Newtonian physics and critical wedge theory. In both digital and analog models it 
has been previously noted that selectively removing material from an active 
critically tapered coulomb wedge (e.g. by eroding one of its surfaces) will result 
in a corresponding reorganization of the deformation within the wedge, until a 
critical taper is rebuilt (Konstantinovskia and Malavieille, 2005; Hoth et al., 2006; 
Upton et al., 2009). Simply put, focused erosion acts to disturb the mass 
distribution, and therefore force balance, within an active orogenic wedge. This 
disturbance to the internal force balance of the wedge drives a transient kinematic 
response until the body forces within the wedge are balanced again. 
 If such a transient kinematic disturbance exists in the midst of a densely 
populated and modernized region (e.g. Taiwan), understanding what this might 
mean for populations and infrastructure is important. Thus, the role erosion plays 
in affecting topography and the internal mass balance of an active orogen, and 
how critical wedge theory predicts the scale and form of a resultant kinematic 
perturbation are of great interest. 
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1.3. OUTLINE 
 The work in this dissertation focuses on the observable characteristics of 
the Puli Topographic Embayment (PTE) and central Taiwanese foreland and 
foothills, with respects to structural and stratigraphic architecture, shortening and 
topography. In addition to these observations, numerical models were designed 
and run to help illuminate the relationships between erosion, material strength and 
critical wedge growth.  
 Chapter two is a manuscript titled, "Linking Taiwan's Subcritical 
Hsuehshan Range Topography and Foreland Basin Architecture" (Wilcox et al., 
2011). It describes the PTE in terms of its physiography, and explores the 
relationships between inherited structural fabrics and the recent subsidence 
history of the central western foreland. Numerical models that account for varying 
material properties within the foreland, as well as variations in the strength of 
erosion acting near the front of the thrust wedge, relate predicted topographies to 
the current topography of central Taiwan. The results of models suggest that the 
formation of a topographic embayment is possible as a result of the presence of 
limited region of weaker, more erodible material located at the front of the wedge. 
Furthermore, a comparison of observations with model results provides some 
insights into the scales of the topographic and kinematic response to material 
variations in the foreland. This work is co-authored with Karl Mueller, Phaedra 
Upton, Yue-Gau Chen, Shiuh-Tsann Huang, Brian Yanites and Greg Tucker. 
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 Chapter three, entitled "Erosional control of thrust kinematics in Western 
Taiwan", delves into the detailed kinematics of the PTE and western foothills 
thrust belt. Quaternary shortening along the length of the western foothills, 
calculated from structural restorations of balanced cross sections, is compared 
with geodetic observations and numerical model results. Distinct shortening 
patterns become clear when looking at the youngest structures within the orogen, 
highlighting the tectonic segmentation of western Taiwan. Numerical model 
predictions of shortening patterns and observed strain gradients within central 
Taiwan are quite similar in terms of their scaling, leading to the conclusion that 
the current deformation field within Taiwan is likely related not only to the 
inheritance of structural fabrics in the foreland, but also the easily erodible nature 
of the thick sequence of synorogenic sediment in the Taihsi and Taichung basins. 
I also attempt to constrain the timing of recent activity of faults within the PTE, in 
order to characterize the kinematic behavior that results in the infilling and 
subsequent incision within the Puli basin, and present a balanced cross section of 
the region. This work is also co-authored with Karl Mueller, Phaedra Upton, Yue-
Gau Chen, Shiuh-Tsann Huang, Brian Yanites and Greg Tucker. 
 Chapter four, "Seismic hazard within the Puli Topographic Embayment, 
Western Taiwan", draws on the conclusions of the previous chapters to propose 
that the presence of the PTE may represent a potential seismic hazard to the Puli 
region. Recognition of a subcritical taper throughout the PTE, and 
characterization of active faults within the PTE highlight the need to determine 
hazard predictions for faults in the region apart from just the frontal (Changhua) 
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and penultimate (Chelungpu) faults in the western foothills. I calculate a 
maximum moment solution for the Shuilikeng and Meiyuan faults, based on my 
structural solutions for those faults from chapter three and existing maps of their 
along-strike extents. This work is co-authored with Rich Briggs, Lauren Powell 
and Karl Mueller. 
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CHAPTER 2 
 
LINKING TAIWAN'S SUBCRITICAL HSUESHAN RANGE TOPOGRAPHY 
AND FORELAND BASIN ARCHITECTURE 
2.1.  INTRODUCTION 
 Taiwan has been described as an ideal natural laboratory for tectonics 
studies where its limited size, consistent subtropical climate, well defined 
stratigraphy and densely instrumented thrust belt provide high precision 
observations of critical wedge mechanics and kinematics (Suppe, 1980; Liu et al, 
2001; Carena et al, 2002; Fuller et al, 2006). Rapid and voluminous material flux 
results from ~ 82mm/yr of oblique plate convergence (Yu et al, 1997; Chang et al, 
2003). High annual precipitation occurs as a result of multiple typhoon landfalls 
on an annual basis (Galewski et al, 2006).  In addition to typhoons, strong ground 
motions produced by large earthquakes trigger many large landslides that 
facilitate massive and rapid sediment transport by river networks incising the 
island (Galewski et al, 2006; Lin et al, 2006; Yanites et al, 2010).  Rapid removal 
of material in central western Taiwan also results from the easily eroded nature of 
strata deformed in the thrust belt. These range from poorly indurated Quaternary 
sediments in the foreland and western foothills to Tertiary clastic sediments and 
their weakly metamorphosed equivalents in the Hsuehshan range (Chen et al, 
2001).  In short, Taiwan is one of the most rapidly deforming and eroding places 
on Earth (Figure 2.1). Strain in thrust belts is coupled with the rate and magnitude 
of erosion occurring at their subaerial surface.  In turn, erosion is strongly  
 12 
 
 
Figure 2.1. 
 
Tectonic setting and hillshade topography of Taiwan.  Tectonic terranes of Taiwan include the 
Coastal Plain (CP), Western foothills (WFH), Hsuehshan range (HSR), Central range (CR), 
Longitudinal valley (LV) and Coastal range (CoR). Also shown is Alishan (AS). 
 
dependent on spatial and temporal variation in local and regional climate and rock 
strength (Dadson et al, 2003; Dahlen and Suppe, 1988; England and Molnar, 
1990; Hilley and Strecker, 2004; Koons et al, 2003; Roe et al, 2006; Willett, 
1999). 
 Orogen-scale analyses of Taiwan have succeeded in describing the 
processes and interactions that affect overall development of the thrust belt, but 
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few studies have directly assessed how variations in erosion or rheology may 
affect the organization of strain at intermediate scales within the orogenic wedge 
(Upton et al., 2009a).  We use this opportunity to investigate variation in the 
overall topographic form of a critical wedge and explore the boundary conditions 
that affect strain and erosion at intermediate scales on the order of 101 kilometers 
and 104-105 years. These reflect the scale of observed changes in topography and 
the ages of young sediments deposited in wedge-top basins within the orogen.  
While numerous recent studies have defined the effects of variable erosion across 
thrust belts (Berger et al., 2008; Meigs et al., 2008; Thiede et al., 2004; Wobus et 
al., 2003), less is known about how thrust belts respond along their length to 
focused erosion (Upton et al., 2009a). We purposely confined our study to the 
central western region of the Island where the thrust belt absorbs purely NW-SE 
directed convergence within an established arc/continent collision. 
 
2.1.1. PULI TOPOGRAPHIC EMBAYMENT 
 A striking variation in the otherwise consistently tapered shape of the 
western Taiwanese thrust belt is a region of relatively lower elevation we refer to 
as the Puli Topographic Embayment (PTE) (Figure 2.2, 2.3). The PTE 
encompasses a chain of small wedge-top basins infilled with young fluvio-
lacustrine sediments, including Puli, Yuchi, Sun-Moon Lake and Toushe (Figure 
4).  Previously recognized as an anomalous portion of the thrust belt 
(Deffontaines et al, 1994; Lu and Malavieille, 1994; Mueller et al, 2001; Lin and 
Watts, 2002; Powell, 2003; Yanites et al, 2010), the PTE covers about a quarter of 
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the western thrust belt. It is characterized by lower average elevation and relief  
 
Figure 2.2.  
 
Swath topography of transects S1 and S2, vertically exaggerated for clarity. Minimum, maximum 
and mean elevations are for 10x100km areas shown in inset. Linear best-fit slopes of mean 
topography are shown by α1, α2 and α3. Diamond hatching is region of anomalously low surface 
slope and diagonal ruling is region of anomalously high surface slope. PTE: Puli Topographic 
Embayment. 
 
relative to adjacent regions to the North and South (Mueller at al, 2002; Powell et 
al, 2003; Wilcox et al, 2007). Importantly, active compressive deformation within 
the topographically lower region ~50km inboard from the leading edge of the 
thrust belt suggests shortening currently occurs across the entire extent of the 
PTE, further inboard from the active thrust front than in other adjacent regions of 
the thrust belt (Mueller et al, 2006; Powell, 2003). 
 Given the presence of deformed late Pleistocene fluvio-lacustrine 
sediments above active thrust sheets in the PTE, and their spatial correlation with 
a very thick sequence of readily eroded synorogenic sediments in the foreland, we 
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hypothesize the embayment originated as a structurally dammed piggyback basin 
above eroded thrust sheets.  This model differs from previous studies of the PTE  
 
Figure 2.3.  
 
Topographic profile (A) and foreland stratigraphic profile (B), both vertically exaggerated for 
clarity. Black topography is from 40m DEM, Hatched grey area is moving 5km window smoothed 
topography. Taper (C) is based measurements 20-30km inboard of the thin-skinned thrust front. 
Locations shown in inset. D,E, F denote locations of cross sections in Figure 4. Depths at contacts 
are constrained by balanced cross sections, locations noted with dots. Locations shown for 
Peikang high (PKH), Kyuanyin high (KYH).  
 
that argue it formed as a pull-apart basin (Lu and Malavieille, 1994; Lu et al 
2002) or as the result of indentation by the Peikang basement high (Mouthereau et  
al., 1999; Simoes and Avouac, 2006) (Figure 2.1).  The argument that the Puli and 
other adjacent basins formed as a result of normal faulting is based on the 
distribution and orientations of strike slip shear zones within the Hsuehshan range 
identified by Lu and Malavieille (1994) and Mouthereau et al. (1999). 
Additionally, the formation of pull-apart basins is kinematically consistent with 
their arguments for shear deformation.  Geologic maps of Puli and the 
surrounding region published by Taiwan's Central Geological Survey do not show 
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normal faults bounding any of the piggyback basins there. Numerous folds 
consistent with the overall contraction of the orogen are present throughout the 
PTE and Hsuehshan range and recent shallow seismic reflection studies within  
Puli show the floor of the basin is similarly folded.  Alternatively, the hypothesis 
that the PTE results from indentation of the wedge by a structural high in the 
foreland basin is based on the modern position of the Peikang high and inference 
of its relative position to the PTE in the past (Simoes and Avouac, 2006), as well 
as the strength of the foreland and mapping of the spatial extent of the Peikang 
high (Mouthereau et al., 2002; Mouthereau and Petit, 2003). This hypothesis 
depends on assumptions of the shape and extent of the foreland that has already 
been accreted into the belt (which cannot be easily reconstructed) as well as 
interpretations of the shape of the Peikang high, which vary throughout the 
literature and do not appear to be clearly defined by any specific single physical 
characteristic such as depth to cover/basement contact. 
  A detailed discussion of the depositional and erosional history within the 
PTE is beyond the scope of this paper, however the embayment is characterized 
by the following: 
 
• The PTE is a region of low elevation and low relief, compared to regions 
adjacent to the north and south, lying well within the established thrust 
belt. 
• Thrust sheets at the leading edge of the proto-PTE would have been 
covered by a thicker section of synorogenic strata, up to twice the 
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thickness present to the north and south. These strata are still present in 
frontal thrust sheets. 
• Active shortening at shallow levels within the wedge (0-5km) at the 
latitude of the PTE occurs further inboard from the leading edge of the 
belt than along the Alishan range to the south (Mouthereau and Petit, 
2003). 
• River networks transporting sediment out of the PTE cross multiple fault-
related folds – suggesting deposition of latest Pleistocene sediments within 
the PTE may be related to an increase in slip rate on one or more of those 
faults (out of sequence). 
 
2.1.2 CRITICAL WEDGES 
 Critical coulomb wedge theory is successful in describing the overall 
shape of submarine accretionary prisms and subaerial eroding thrust wedges like 
Taiwan (Davis et al., 1983). The shape of any critical coulomb wedge is 
controlled by the physical conditions that exist during the formation of the 
orogen, including the strength of the material in the wedge and pore fluid 
pressures throughout the wedge and at its basal decollement (Davis et al., 1983). 
Surface erosion has a very strong control over the internal organization of strain 
in critical wedges, by focusing strain into areas that exhibit a "subcritical" taper, 
e.g. where the balanced internal mechanics of the wedge have been upset due to a 
lowering of the land surface through erosion (Konstantinovskia & Malavieille, 
2005; Berger et al., 2008; Meigs et al., 2008; Mosar, 1999).  
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 We argue such a marked variation in the topographic form of the orogen, 
and therefore its subaerial taper, indicates a change in one or more of the 
boundary conditions that control rock uplift and erosion in the region.  In this 
study, we address the following questions: 
 
i. What conditions initiate the formation of and allow for the 
persistence of a subcritical state in an otherwise critically tapered 
wedge? 
 
 ii. At what spatial and temporal scales can the response of the strain  
  field to a change in boundary conditions affecting the thrust belt be 
  recognized in  the landscape? 
  
 iii. How does the erodibility of newly accreted thrust sheets control  
  wedge  taper and what role does foreland basin architecture play in  
  that process? 
 
2.2. TOPOGRAPHY AND TAPER OF WESTERN TAIWAN 
 In order to characterize the differences in topography between the PTE 
and the consistently tapered Alishan range immediately south of the PTE, we 
compare 10km x 100km swaths of topographic data for each of these two regions.  
Swaths are oriented parallel to shortening direction and extend from the eastern 
Longitudinal Valley, which marks the boundary between the wedge and its 
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structural backstop, to the western foreland.  Calculations of wedge taper 
(summing of the basal and subaerial slope measurements) along the central 
western foothills are based on a 10km wide swath of measurements from 13 
balanced serial cross sections, 20-30km inboard of the thin-skinned deformation 
front. Within the PTE, taper measurements were extended to 40km inboard of the 
thin-skinned deformation front.  
 Topography throughout the PTE, compared to the Alishan range 
immediately to the south, is characterized by consistently lower elevation and 
relief (Figure 2).  Extrapolation from a linear best fit of the average elevation 
values of the swath data, shows that the Alishan has a constant ~3° surface slope, 
consistent with published characteristic subaerial taper angles for Taiwan from 
Dahlen et al., 1983. In comparison, the ~1.5° average slope that exists from the 
foreland to the interior of the Hsuehshan range across the PTE is significantly 
lower, leading us to wonder whether it represents a region currently at a 
subcritical state. Within the PTE itself, over a distance of ~15km, the topographic 
slope is inclined ~1-2 degrees to the east, which in the convention of Taiwan's 
wedge would be considered a negative taper (Figure 2). As a natural result of this 
lower surface slope within the PTE, the slope from the eastern margin of the PTE 
to the drainage divide at the crest of the orogen is anomalously steep, ~9.5°.  
 Wedge taper calculated along the western foothills of Taiwan varies 
depending on whether one uses the deeper Main Taiwan Detachment (MTD) or 
the more shallow thin-skinned base of thrusting along the western foothills as the 
basal surface of the critical wedge. Given the existing constraints on the deeper 
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MTD and apparently consistent dip and depth along strike of the distribution of 
seismicity (Carena et al., 2010), we use the better constrained shallower base of 
thin-skinned thrusting measured from balanced cross sections throughout the 
foreland and western foothills.  Calculated tapers for the Miaoli and Chiayi 
regions are similar, with average values of ~10-11 degrees for Miaoli and ~13 
degrees for Chiayi. In contrast, the PTE exhibits average values of ~5 degrees, 
less than half the taper of adjacent regions (Figure 2.3c). The changes in taper 
along the western thrust belt, from the Hsuehshan range, across the PTE and into 
the Alishan range are spatially consistent with other structural, stratigraphic and 
physiographic boundaries identified in this study. The difference in taper at this 
distance inboard from the thrust front (20-30km) is primarily related to the 
relatively flat dip of the decollement below the PTE, as first presented in Yue et al 
2005. The dip of the decollement below Miaoli and Chiayi are approximately -7 
& -10 degrees, respectively, compared to approximately -1 below the PTE. 
Within the PTE, where the greater extent of cross sections allow us to calculate 
taper further inboard than to the north or south, we see a surprising result where 
due to the easterly average aspect of surface slope and the continued low dip of 
the basal surface of the shallow wedge, the taper we calculate is actually negative 
(~ -2 - -3 degrees), from 30-40km inboard of the thrust front. This is an 
unexpected and unusual observation within a critically tapered wedge, allowing 
us to classify this region as subcritical, especially considering that the shallow 
wedge deforms above recorded overpressured horizons, in purely hydrostatically 
pressured rocks (Yue, 2007). 
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 Variation of the depth and geometry of the Main Taiwan Detachment was 
also considered as an explanation for the change in taper, but the relatively few 
available constraints on this deeper decollement level suggest that it exhibits a 
fairly consistent depth and dip along strike below the western foothills, varying on 
the order of 1km or less over distances of ~50km or more (Mouthereau and Petit, 
2003; Carena et al., 2010).  The use of relocated seismicity to accurately define 
the Main Taiwan Detachment has been questioned by several authors (Simoes et 
al., 2007; Mouthereau et al., 2009) and so we calculated our determinations of 
wedge taper from balanced cross sections of the over-riding thin-skinned wedge. 
 
2.3. FORELAND AND WESTERN THRUSTBELT ARCHITECTURE: 
STRATIGRAPHY AND STRUCTURE 
 We consider the structural architecture and thicknesses of synorogenic 
sediments throughout the central western foreland and western foothills based on 
borehole measurements, seismic reflection data, published geologic maps and 23 
balanced cross sections located throughout the foreland and western foothills, 
made available to us by the Chinese Petroleum Corporation (CPC). Seven of these 
cross sections have previously been published in Yang et al., 2007.  This paper 
reproduces only three representative cross sections for the north, central and south 
regions of our study area, in accordance with permission given by the CPC. 
Additionally, we support our work with findings from previously published 
works. 
The Chinese Continental Margin (CCM) supports the western foreland of Taiwan, 
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and has been well described in terms of its depositional history and flexural 
response to orogenic loading (Lin and Watts, 2002; Mouthereau and Petit, 2003).  
Synorogenic strata deposited in the western foreland over the last six million 
years record the initial migration of the foreland flexural bulge (evidenced by the 
flexural unconformity at the base of the Keuichulin Fm: ~6ma) and subsequent 
approach and rapid erosion of the orogen (Chinshui Fm: ~4ma; Cholan Fm: 3.1-
1.1ma; Toukoshan Fm: 1.1-0ma) as the thrust belt advances into the foreland 
basin (Chen et al, 2001; Lin et al., 2003). 
 The central western thrust belt of Taiwan deforms a sequence of Tertiary 
to Quaternary strata, divided for our purposes into preorogenic and synorogenic 
groups, separated by the flexural unconformity at the base of the Keuichulin Fm. 
Miocene and older preorogenic stratigraphic units have undergone an earlier 
history of extension along the CCM (Mouthereau and Lacombe, 2006; 
Mouthereau et al, 2002; Lin et al, 2003).  The architecture of the passive margin 
includes a pair of salient basement highs, buried by variable thicknesses of 
preorogenic and synorogenic sediments (Byrne and Liu, 2002; Mouthereau et al, 
2002). Miocene extension of the passive margin is marked by northeast-southwest 
trending normal fault arrays that bound these two structural highs, now located 
offshore in the foreland basin west of the Taiwan thrust belt (Mouthereau, 2002; 
Lacombe et al, 2003).  The Kuanyin and Peikang basement highs are respectively 
located northwest of the Taichung basin and west of Chiayi, buttressing the 
precollisional Taihsi basin (Figure 2.4).  
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Figure 2.4.  
 
Map of the structural and stratigraphic architecture of the central western Taiwan foreland and 
western foothills. Important faults discussed in the text from west to east along 24N latitude are 
the Changhua (1), Chelungpu (2), Shuangtung (3) and Shuilikeng (4). Locations: Puli Topographic 
Embayment (PTE: area east of Shuangtung fault, below 1000m), Miaoli (ML), Taichung (TC), 
Chiayi (CY), Sanyi overthrust (SY). Dotted black line on topography corresponds with 1000m 
elevation contour. Gray shaded regions within the PTE (from north to south) outline young 
sediments in the Puli, Yuchi, Sun-Moon and Toushe basins. Focal mechanisms shown for 1935 
and 1906 events. 
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2.3.1. MIOCENE-PLIOCENE SYNOROGENIC STRATIGRAPHY. 
 While the eastern portion of the early Taihsi extensional basin has been 
removed by erosion after its accretion into the advancing thrust belt, the western 
part of the basin is well defined in the modern foreland of Western Taiwan. 
Previous work mapping isopachs and structural styles throughout the foreland 
delineate three distinct regions of within our study area that lie adjacent to, and 
correspond with, distinct topographic regions in the thrust belt, including the 
northern Hsuehshan, PTE and northern Alishan regions (Mouthereau, et al., 
2002).  Measured along-strike differences in the thickness of the Kueichulin 
formation are relatively small and on the order of hundreds of meters, and we 
interpret thickness changes within these sediments as growth strata related to slip 
on foreland normal faults (Figure 2.3).  Kueichulin growth strata bounded by 
extensional faults in the foreland are overlain by a thin sequence of early Pliocene 
shale of the Chinshui Formation, which does not vary in thickness appreciably  
from north to south along the CCM.  These strata indicate that extension of the 
continental shelf had ceased by the early Pliocene, marking the transition in the 
foreland from an extensional to a compressive setting. The physical 
characteristics of the Chinshui Shale are consistent with it being deposited in the 
distal foreland of the approaching orogenic wedge.  This shale is a primary 
decollement level for thin-skinned deformation in central Taiwan. 
 
2.3.2. LATE PLIOCENE - QUATERNARY SYNOROGENIC SEDIMENTS 
 Spanning from late Pliocene to Quaternary time, flexural loading in the 
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foreland of the encroaching thrust belt is recorded by the upward-coarsening 
sequence of the Cholan and Toukoshan formations.  The 3.1 - 1.1Ma Cholan 
formation is largely uniform in thickness from north to south along the strike of 
the Taiwanese foreland, except where it thickens over the shelf break south of the 
Peikang High (from ~2000m to almost 3500m over a distance of 100km (Figure 
2.3).  The geometry of the Cholan age foreland basin is well constrained from 
boreholes and seismic reflection profiles and is interpreted as the distal to 
intermediate portion of the foreland basin during the earlier stages of the 
development of the Taiwanese thrust belt (Yu and Chou, 2001; Lin and Watts, 
2002). 
 The Toukoshan formation is the youngest major synorogenic deposit in 
central western Taiwan, apart from Quaternary terraces and fluvio-lacustrine 
sediments preserved in wedge-top basins.  The Toukoshan formation includes two 
coarsening upward members (the Hsiangshan sandstone and Huoyenshan 
conglomerate) that are interpreted as signaling the approach of the leading edge of 
the thrust belt during the last ~1.1Ma (Chen et al, 2001).  Unlike older 
stratigraphic units, the thickness of Toukoshan in seismic reflection profiles and 
boreholes varies by up to a factor of 3 from north to south along the foreland in 
central Taiwan (Mouthereau, 2002).  Previous work (Mouthereau et al., 1999) and 
cross sections made available to us by the CPC indicate that the thickness of the 
Toukoshan formation increases abruptly within the 60km wide Taichung basin 
located immediately west of the PTE (Figure 2.3, 2.4).  The thickness of 
Toukoshan formation measured on a NNE-SSW trending strike-parallel profile 
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increases from a minimum of ~1000m near the Kuanyin basement high to over 
3500m within 50 km in the central Taiwanese foreland.  These strata thin again 
across the Peikang basement high before increasing in thickness over the shelf 
edge of the CCM to the south. Notably, these marked variations in thickness 
occur at the same locations as underlying arrays of older Miocene normal faults 
bounding basement highs (Figure 2.3, 2.4). The abrupt change in thickness in the 
synorogenic Toukoshan formation here suggests that older inherited structures 
may affect accommodation space in the foreland, driven by compressively 
reactivated deformation and loading of the thrust belt. 
 
2.3.3. EXTENSIONAL STRUCTURES IN THE FORELAND 
 Previous works (Mouthereau et al, 2002; Lin et al., 2003; Mouthereau and 
Lacombe, 2006) identify inversion of Miocene extensional faults as younger 
oblique thrust and strike slip faults in both the modern foreland basin and within 
the thrust belt itself.  While not obvious in all available seismic reflection profiles 
at scales of individual reflectors, measurement of thickness changes in both 
extensional and compressional growth strata at longer intervals support a recent 
history (1.1Ma to present) of minor shortening tens of kilometers into the 
foreland, west of the leading edge of the thin-skinned thrust belt. 
 Evidence for normal sense displacement on these faults is recorded by 
variable thicknesses within the Kueichulin and older preorogenic formations that 
have subsequently been incorporated and deformed in thrusts and folds within the 
western part of the Hsuehshan range.  The origin of these faults as extensional 
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structures is well defined by stratigraphic cutoff angles and thickness changes in 
adjacent fault bounded blocks between the Shuangtung and Shuilikeng thrusts.  In 
this part of the thrust belt, block bounding normal faults that cut across thrust 
sheets trend similarly to faults imaged in offshore seismic reflection profiles 
(Figure 4).  We interpret these as the continuation of fault arrays evident in the 
foreland, due to their modern position and kinematic compatibility with the 
direction of thrust shortening.  Some of the fault-bounded blocks retain a 
continuous Miocene stratigraphic record, while others contain disconformities, 
interpreted as a record of early migration of the flexural forebulge as the thrust 
belt approached from the east (Yu and Chou, 2001).  These faults are typically 
oriented at a high angle to the strike of thrust sheets and act as tear faults during 
shortening (Lin, 2005).  Strike slip focal mechanisms determined for two historic 
large earthquakes, attributed to slip on the Meishan fault in 1906 and the 
Tuntzuchiao fault in 1935, are oriented parallel to other Miocene age normal 
faults mapped by the CPC (Lin, 2005; Shyu et al, 2005). This suggests that those 
faults in particular may act as the main structural boundaries between the Miaoli, 
Taichung and Chiayi regions. 
 Previous work has suggested that differences in structural style along the 
foreland and western foothills of Taiwan can be attributed to variations in the 
strength of basement rocks that support the foreland basin (Mouthereau and Petit, 
2003).  Miocene age normal faults in the Miaoli and Chiayi regions also affect 
subsequent thin-skinned compressive strain north and south of the PTE (Suppe, 
1986; Mouthereau et al 2002; Chen et al, 2004). In particular, the northern end of 
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the Chelungpu fault and Sanyi overthrust presents a well studied example of the 
interactions between advancing thin-skinned deformation that overlies preexisting 
structures in the foreland basement (Yue et al, 2005; Yue, 2007). 
 In contrast to normal faults adjacent to the Miaoli and Chiayi regions, 
normal faults in the Taichung region are scarce and generally not favorably 
oriented for reactivation as oblique or strike-slip faults.  The relatively few faults 
that are present instead act to localize structural ramps where decollement 
horizons are offset by these faults (Mouthereau et al., 1999; Lee et al., 2007).  
 
2.4. THRUST BELT DEVELOPMENT AND FORELAND PROPERTIES 
 Discrete arrays of Miocene age normal faults partition the foreland of 
central Taiwan into three regions that have experienced radically different 
subsidence histories since 1.1Ma, as evidenced by the thickness of Quaternary 
sediments in each region (Figure 2.3, 2.4, 2.5). From north to south these regions 
are: 1) the Kuanyin High, which includes an area of closely spaced ENE trending 
normal faults overlain by a relatively thinner sequence of synorogenic sediments 
located outboard of Miaoli, 2) a largely undeformed region adjacent to the Puli 
topographic embayment (including the Taichung basin), filled with a much 
thicker sequence of synorogenic strata, and 3) the Peikang High, a mildly 
extended region located outboard of Chiayi. Quaternary sediments in the 
Taiwanese foreland basin are deposited within the accommodation space resulting 
from flexural subsidence driven by orogenic loading (Lin and Watts, 2002). 
Foreland basin strength is affected by existing structures, in particular older 
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extensional fault networks reactivated by shortening and/or loading tens of 
kilometers in front of the leading edge of the thrust belt (Mouthereau and Petit, 
2003). We propose the NE-SW trending Meishan and Tuntzuchiao faults in the 
 
Figure 2.5.  
 
Simplified balanced cross sections of the proximal foreland and western foothills, based on cross 
sections from the CPC.  Note the thickness of the wedge generally decreases with age of the 
wedge from North (A) to South (C).  The dashed red line in section E is the approximate location 
of the incipient thrust ramp as determined by locations from Chou et al, 2009. The white scale bars 
in each section represent 3km, scale is constant throughout. Faults are shown in red. 
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western foothills, which coincide with the north and south topographic boundaries 
of the PTE, may act as persistent structural boundaries separating discrete 
foreland regions that experience very different histories of proximal foreland 
subsidence during late Pleistocene time. The Meishan and Tuntzuchiao faults 
have been identified as likely sources of two large historic strike-slip earthquakes 
(>Mw 6) in 1906 and 1935 respectively (Lin et al., 2005; Shyu et al; 2005), and 
may have had an effect on overall wedge development over timescales of ~106 
years, based on the age of onset of differential subsidence across these faults.   
This structurally coincident difference in subsidence rates implies that the 
distribution of accommodation space may be variably affected through time by 
progressive compressional (reverse sense) reactivation of normal fault arrays with 
increasing proximity to the deformation front of the orogen, ultimately driving 
greater subsidence in the stronger central portion of the foreland (Figure 2.5). 
 The thicker sequence of Toukoshan Formation in Taiwan's central 
foreland, and within the Taichung basin, lies immediately west of the PTE. The 
margins of the area of increased fill, where Toukoshan thickens from ~1500m to 
over 3300m in as little as 20km, are coincident with the northern and southern 
boundaries of the PTE, as defined by the 2000m elevation contour of the orogen.    
This close spatial correlation of structural boundaries with changes in topography, 
taper and late Pleistocene stratigraphic thickness suggests that the rheology and/or 
erodibility of synorogenic strata accreted into the adjacent thrust belt may exert a 
primary control affecting wedge development (Upton et al., 2009b).  
 31 
 While the effects of uneven erosion on wedge development in Taiwan has 
been explored by Upton et al 2009, our work is aimed at understanding how and 
why a subcritical state (as defined above) was initiated and is currently preserved 
in the PTE.  We argue that the thick section of synorogenic sediments outboard of 
the PTE that capped thrust sheets accreted into the belt were more deeply incised 
to the level of older preorogenic strata below.  This thicker central sequence sets 
an initial rheological template that controls thin-skinned wedge development over 
timescales of at least 104 – 105 years.  A corollary follows that the sequence of 
thicker young synorogenic strata is weaker and more susceptible to erosion than 
older rocks, which is explored in the following section on numerical modeling.  
 
2.5. MODELING CRITICAL WEDGES WITH VARIABLE MATERIAL 
PROPERTIES 
 The recognition of along strike variations in the material properties of the 
foreland and associated impacts on long-term development of wedge topography, 
taper and strain organization highlight the need to better understand how critical 
wedges respond along their length to differences in material properties (rheology) 
and rates of surficial processes (erosion). The following section explores 
mechanical conditions that collectively contribute to a subcritical region within a 
thin-skinned orogenic wedge, which we compare to the PTE in Taiwan. Although 
foreland basement strength is affected by the presence of Miocene normal fault 
arrays (Mouthereau and Petit, 2003) our exploration of wedge behavior focuses 
solely on the internal kinematics of a thin-skinned thrust belt, rather than any 
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processes occurring below the thin-skinned decollement. 
 
2.5.1. MODELING METHODS 
 For this study, we build on previously published models of a generic fold 
and thrust belt of similar dimensions to Taiwan (Upton et al., 2009b).  Our 
geometry consists of an elastic slab, representing the basement of the western 
foreland, beneath an elasto-plastic Mohr-Coulomb wedge, representing passive 
margin sediments deformed in western Taiwan. These are separated by an 
interface along which frictional slip can occur but across which no material 
exchange occurs. The three-dimensional numerical region extends 220 km 
parallel to convergence (= x) by 250 km perpendicular to convergence (= y) by 18 
km vertically (= z).  The eastern edge of the model consists of an elastic block 
simulating a rigid indentor, such as a colliding volcanic arc, that does not deform 
internally to a significant extent.  
 Models were developed using the numerical code FLAC3D version 
3.1(Itasca, 2006), which we have modified to accommodate local erosion.  
FLAC3D utilizes a modified Langrangian finite difference technique and its use 
for solving geological problems is well established.  The methods used have been 
described previously (see Upton et al. 2003; Johnson et al. 2004; Upton et al. 
2009a,b). 
 
2.5.2. MODEL RUNS 
 We present four models: 
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0. A reference model, with no variation along strike, identical to Model 0 
of Upton et al (2009b) (Figure 2.6b). 
1. A model with a region of lower density, weaker material in the 
outboard wedge, similar to Model 2 of Upton et al. (2009b) 
2. A model with a region of enhanced erosion within the front of the 
wedge (3 mm/yr compared to a background of 1 mm/yr) 
3. A model which combines the conditions of 1 and 2 above 
 
 All models use the same velocity boundary condition: the elastic indentor 
acting as the backstop of the wedge moves over the decollement interface at 20 
mm/yr (Figure 2.6a). Throughout the discussion of the models, the spatial frame 
of reference is analogous to that of the western Taiwanese thrust belt; the wedge 
verges west and "inboard" refers to positions towards the backstop to the east, 
while "outboard" refers to positions towards the foreland to the west.  The models 
were run to approximately 9% strain, which is the limit of the model grid before 
numerical instabilities begin (Upton et al. 2009). Erosion is imposed on the top 
surface of the model as a boundary condition, whereby material is removed from 
the model by lowering of the top surface.  An erosion rate of 1 mm/yr is imposed 
on the western part of the model orogen while 1.3 mm/yr is imposed on the 
eastern part, simulating a mild orographic effect from the central uplift zone in the 
model. The juxtaposition of focused rapid erosion against a low background 
erosion rate is meant to represent the condition of a thicker section of easily 
erodible cover material next to harder older rocks, which have already been 
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exposed. Given the low shortening rates (relative to Taiwan), limited strain and 
imposed boundary conditions of erosion, the values we determine from our 
models are best considered qualitatively in terms of effects on kinematic behavior 
observed within the model wedge. We note that increasing shortening rate to a  
 
Figure 2.6. 
 
FLAC3D model setup (A), reference wedge (B) and model results (C,D,E). Differences are 
acheived by subtracting a given model result from the reference model. 
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value similar to what is observed in Taiwan would merely decrease the model 
run-times, since the models are limited by the total strain they can accommodate. 
 
2.5.3. MODEL RESULTS 
2.5.3.1. MODEL 1 
 As shown previously, material variations within the wedge affect the form 
of the wedge (Upton et al. 2009b).  Rock uplift and strain are focused into weaker 
material, which creates a narrow ridge at the inboard edge of the weaker material, 
and subsequently decreasing the magnitudes of rock uplift and strain within the 
adjacent region of stronger material to the east (Figure 2.6c).  When compared to 
the reference model, there is a decrease in elevation inboard of the region of 
weaker material, creating a topographic embayment that is deeper than the 
embayment resulting from erosion alone (model 2). The along strike extent of the 
resulting embayment is roughly equivalent to the width of the region of weaker 
material ahead of it. 
2.5.3.2. MODEL 2 
 Variation of the erosion rate within the front of the wedge has a broad 
effect on wedge kinematics, well outside the extent of focused erosion.  In fact, 
the impact of a focused increase in erosion rate on wedge kinematics can extend 
across the entire width of the wedge (Figure 2.6d). We note measurable 
differences from the reference model in elevation and magnitude of both rock 
uplift and strain that extend from the foreland across the wedge to the backstop. 
This is a result of removing mass from the orogen that would otherwise (e.g. in 
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the reference model) contribute to the internal stability of the critical wedge.  By 
removing this mass the internal balance of the critical wedge is disturbed and rock 
uplift is focused into the region of higher erosion rate.  As a result, rock uplift and 
strain are reduced both inboard and outboard of the rapidly eroding region, in 
effect balancing the overall strain budget of the wedge. As with the previous 
model, a decrease in rock uplift and strain inboard of the region of higher erosion 
creates a topographic embayment roughly equivalent in scale to the along strike 
extent of the increase in erosion rate. 
2.5.3.3. MODEL 3 
 This model combines variation in material properties and focused erosion 
from models 1 and 2. This combination most closely represents the conditions of 
western Taiwan, where thick synorogenic sediments are rapidly incised above 
frontal thrust ramps. Because the effects on topography, rock uplift and strain are 
largely similar for both the individual preceding models, we see the combination 
of those effects is mostly constructive in this model (Figure 2.6e). The relief of 
the resulting topographic embayment is greater than in model 1 or 2, and is 
predicted to be at least 1000m. The along strike scale of the embayment is again 
roughly equal to the size of the regions of weak material and high erosion rate. 
Clear differences relative to the reference model in topography, rock uplift and 
strain are observed across the entire width of the wedge, similar to model 2.  
 
2.6. DISCUSSION 
Subcritical portions of rapidly eroding thrust wedges have been identified 
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in a number of compressive orogens around the world.  Most notably these 
include glaciated regions undergoing rapid and spatially limited erosion, such as 
within the St Elias orogen in Alaska (Berger et al, 2008; Meigs et al, 2008).  
Additionally, sharp orographic precipitation gradients driven by the Indian Ocean 
monsoon have been cited as driving accelerated erosion inboard of the leading 
edge of the Himalayas (Theide, 2004; Wobus et al, 2003).  In contrast, 
extraordinarily high rates of fluvial erosion have been associated with the 
development of a crustal aneurysm in the Eastern Syntaxis of the Himalaya 
(Zeitler et al, 2001) on a scale comparable to the dimensions of the PTE. High 
rates of exhumation occur some 100 km from the active thrust front in the 
Himalaya (Thiede et al., 2004; Wobus et al, 2003), and at about 50-70 km in the 
St Elias Orogen (Berger et al, 2008; Meigs et al, 2008). We note that the location 
of these increases in rock uplift rate and erosion rate are set by the atmospheric 
conditions of the orogens in which they occur, i.e. they are controlled by climate, 
as opposed to stratigraphic architecture which acts as the primary control on 
variations in erosion rate in western Taiwan. The results of our models suggest 
that focused erosion may exert a stronger and broader influence on the 
organization of strain across the entire width of an active orogenic wedge than a 
change in material properties at the leading edge of the orogen.  Even without 
considering changes in decollement geometry or variations in the strength of the 
foreland basement, we see that the combination of rapid erosion and a thick 
section of relatively weak material near the front of the wedge predicts a 
significant topographic embayment inboard of the change in boundary conditions, 
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on the order of the scale of the PTE.  
The subcritical portion of the Taiwanese thrust belt formed at spatial 
scales of tens of kilometers, and this scale is likely controlled by the spacing of 
individual thrusts within the orogen (Upton et al., 2009) and by the spacing of 
preexisting normal fault arrays in the foreland. This scaling is analogous to the 
observations of relative scale in our models, where the spatial scale of variations 
in foreland conditions controls the along strike extent of variations in topography 
and strain within the wedge.  
Precipitation in Taiwan is characterized by very large rainfall events 
associated with large typhoons, which are capable of delivering more than a meter 
of rainfall over a period of 24 hours (Galewsky et al., 2006).  While precipitation 
increases with elevation in western Taiwan, rainfall along the Foothills Belt and 
Hsuehshan range is essentially similar along the length of the thrust belt and is in 
fact contemporarily lower in the PTE itself (Galewsky et al., 2006). 
Contemporary erosion rates within the PTE are actually quite low, whereas the 
incision of stream channel networks (and related removal of mass) is focused 
outboard of the PTE within the active foothills of the orogen (Dadson et al., 
2003). These sediments are transported to the foreland where variably thick (~2-5 
km) sections of synorogenic strata have yet to be accreted at the front of the 
orogen.  
We posit that rapid incision into exposed sections of Toukoshan and 
Cholan formations in active thrust sheets is likely related to their unconsolidated 
nature and negligible diagenetic history during burial within the foreland basin 
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(Chen et al, 2001).  The primary control on incision of river networks and 
focusing of erosion into the proto-PTE is likely related to the variable thickness of 
synorogenic strata that cap active thrust sheets in the foreland.  Removing the 
relatively thinner sequences of Pleistocene sediments that capped thrust sheets 
north and south of the proto-PTE results in relatively earlier exposure of the 
harder and less erodible Miocene and Oligocene rocks in the northern Hsuehshan 
and northern Alishan ranges. River networks would thus naturally focus and more 
deeply incise the thicker section of synorogenic sediment capping thrust sheets 
within the proto-PTE (Figure 2.7). As observed in our models, the formation of a 
topographic embayment is predicted inboard of a region undergoing focused rapid 
erosion, due to the disturbance of the internal mass balance of the critical wedge 
and subsequent reorganization of strain. 
 The coincidence of mapped locations of abrupt changes in thickness of 
late Pleistocene synorogenic fill, lower average topography within the PTE and 
the locations of at least three recent (1906-1999) large earthquakes (>Mw 6) that 
occurred along topographic and structural boundaries of the embayment can be 
attributed to the variable structural architecture and contemporary kinematics of 
the central Taiwan foreland.  This suggests that the history of subsidence in the 
foreland controls both denudation and reorganization of strain in the thrust belt, 
such that a subcritical state is initiated and maintained at timescales of up to 106 
years.  We propose that variable subsidence of the foreland basin, controlled by 
the orientations and spatial distributions of reactivated older structures, has a  
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Figure 2.7.  
 
Schematic block diagrams of landsurface evolution, controlled by distribution of thicknesses of 
easily eroded synorogenic sediments. Early stage: foreland template is set by varying subsidence 
along strike, with thicker sequence of easily erodible sediment in central region. Intermediate 
stage: material is accreted into wedge initiating rock uplift. As rocks are brought above local base 
level, different rheologies respond to river incision at different rates and drainages are re-
organized. Proto-Puli: all synorogenic sediment is flushed from uplifted region into the foreland 
basin. Beginning at the intermediate stage, focused erosion should start to affect topographic 
growth and strain organization (see figure 6, discussion). Dashed line represents local base level, 
textured blue lines represent rivers. 
 
profound influence on the distribution of strain within the eroding portion of the 
thrust belt. Potentially this influence could be observed across the entire width of 
the orogenic wedge.  
 
2.7. SUMMARY 
 The contemporary presence of a region of anomalously low topography 
within the Taiwanese thrust belt provides insight into the processes that initiate 
and maintain a subcritical condition in a thin-skinned compressive wedge.  The 
causal links between the foreland structural architecture, synorogenic stratigraphic 
architecture and presence of the Puli Topographic Embayment provides a 
valuable case study of the effects of changing boundary conditions controlling the 
evolution of critical thin-skinned orogens.  Moreover, the preexisting structural 
architecture within the foreland appears to strongly influence subsidence 
behavior, resulting in abrupt and localized differences in the thickness of foreland 
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basin fill.  Deeper incision of river networks into the thicker sequence of 
unconsolidated fill in the central western foreland may then focus erosion within 
the proto-PTE, initiating the onset of a subcritical state.  The onset of focused 
erosion related to the PTE is unknown.  However, estimates based on the 
thickness of Toukoshan strata, restoration of slip along the Chelungpu and 
Shuangtung thrusts and an assumption of ~45mm/yr of shortening across the 
entire foothills belt suggest the PTE may have been initiated between ~700 - 500 
Ka.  This suggests that a subcritical state may exist within the western Taiwanese 
thrust belt for a significant fraction of its total development. 
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CHAPTER 3 
EROSIONAL CONTROL OF THRUST KINEMATICS IN WESTERN 
TAWIAN 
3.1. INTRODUCTION 
 The Taiwanese orogen results from the ongoing collision of the Eurasian 
plate with the Philippine Sea plate, and is located between the oppositely dipping 
subduction zones of the Ryukyu and Manila trenches in the western Pacific Ocean 
(Figure 3.1). Taiwan has been widely recognized as an excellent setting for 
studying active compressive thrust belt behavior. The limited size, extensively 
imaged foreland stratigraphy and broad deployment of dense networks of 
geophysical instrumentation enable high precision observations of critical wedge 
mechanics and kinematics (Carena et al, 2002; Fuller et al, 2006; Liu et al, 2001; 
Suppe, 1980). Taiwan absorbs some ~ 82mm/yr of oblique plate convergence (Yu 
et al., 1997; Chang et al., 2003) and frequent typhoon landfalls rapidly erode the 
surface of the orogen (Galewsky et al, 2006), driving high rates of material flux 
(Willett et al., 2003).  In addition to typhoons, strong ground motions produced by 
large earthquakes trigger landslides that facilitate fluvial transport of large 
volumes of material in rapidly incising river networks (Galewsky et al, 2006; Lin 
et al, 2006; Yanites et al, 2010a).  
 Central western Taiwan exhibits fairly consistent topographic tapers along 
strike, around three degrees on average (Davis et al., 1983), with one notable 
exception within the mature collision zone; the area surrounding Puli township, 
which we refer to as the Puli topographic Embayment (PTE). The PTE has been  
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Figure 3.1. 
 
Tectonic setting of Taiwan (inset) and map of the structural and gross stratigraphic architecture of 
the central western Taiwan foreland and western foothills below 1000m. Important faults 
discussed in the text from west to east along 24N latitude are the Changhua (1), Chelungpu (2), 
Shuangtung (3) and Shuilikeng (4). Locations: Puli Topographic Embayment (PTE: area east of 
Shuangtung fault, below 1000m), Miaoli (ML), Taichung (TC), Chiayi (CY), Sanyi overthrust 
(SY), Fig 4. (white outline of location map). Dotted thin black line  corresponds with 1000m 
elevation contour. Dark shaded regions within the PTE (from north to south) outline young 
sediments in the Puli, Yuchi, Sun-Moon and Toushe basins. Focal mechanisms shown for 1935 
and 1906 events. 
 
described as representing a subcritical portion of the western Taiwanese thrust 
belt (Wilcox et al., 2011). It encompasses a chain of small wedge-top basins (Puli, 
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Yuchi, Sun-Moon Lake and Toushe basins), located within the southern part of 
the Hsueshan Range (Figure 3.1).  This region has been previously recognized as 
a unique portion of the island with respect to its structural style, history of late 
Quaternary strain, and thickness of Quaternary synorogenic sediments accreted in 
thrust sheets at the leading edge of the thrust belt directly west of Puli (Byrne and 
Liu, 2002; Mouthereau et al., 2002; Mueller et al., 2002; Powell, 2003; Upton et 
al., 2009b; Yanites et al., 2010b; Wilcox et al., 2011). These relatively small 
wedge-top basins (~10km across or less) within the PTE hold as much as several 
hundred meters of late Quaternary sediments that are currently being folded and 
incised as a result of active deformation and rock uplift. 
 A simple comparison of swath topography across the island highlights the 
marked difference in the subaerial form of the orogen between the PTE and the 
adjacent Alishan Range.  Oriented roughly parallel to the shortening direction of 
the pro-wedge, our 10x100km swath sections (derived from a 40m DEM) reach 
from the eastern Longitudinal Valley, which marks the boundary between the 
wedge and its structural backstop, to the western foreland (Figure 2.2).  The linear 
best-fit of the average elevation values for the Alishan gives a ~3° surface slope, 
which is consistent with published characteristic subaerial taper angles for Taiwan 
from Dahlen et al., 1983. In comparison, the ~1.5° average surface slope that 
extends from the frontal thrusts into the PTE is significantly lower.  Comparing 
the average elevation of Alishan topography to that of the PTE suggests the 
orogenic wedge is ~50% thinner throughout the Puli region. We note that 
although the topography of the central fore-wedge varies significantly, the 
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topography of the retro-wedge does not. The difference in average topography of 
the retro-wedge along strike is practically zero between our northern and southern 
swath topography transects. Additionally, the presence of a marked gravity low 
that coincides closely with the location of the PTE (Yeh and Yen, 1992) indicates 
a mass deficit in the region. Wilcox et al (2011) assessed the taper angles of the 
western foreland based on measurements from 13 balanced cross sections and 
found that the toe of the orogenic wedge outboard of the PTE exhibits a 
significantly lower taper angle (α+β) than in other areas to the north and south. 
Based on this result the PTE was classified as a subcritical part of the wedge, 
however it is important to note that the calculations of taper angle did not take 
into account potential variations in rock strengths within the thrust belt.  The 
record of river channel evolution in the PTE is poorly understood prior to about 
40ka, when large lateritic terraces within Puli were initially abandoned. Wilcox et 
al. (2011) suggested that the erosive susceptibility of rocks at the leading edge of 
the orogen could control wedge morphology. The key to this hypothesis is the 
condition where the rate of surface erosion is equal to or greater than the rate of 
rock uplift.  Rock uplift may thus be closely linked with erosive susceptibility, 
resulting in locally high rates of exhumation with little or no topographic growth 
within weaker rocks that are highly erodible (Upton et al., 2009; Wilcox et al., 
2011). The erosion-based hypothesis is different from other published hypotheses 
about the anomalously lower topography in central Taiwan, that suggest the 
condition is the result of wedge propagation over a basement horst (the Peikang 
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High) associated with earlier passive margin extension (Byrne and Liu, 2002; Lu 
and Malavieille, 1994) 
 Critical wedge theory has been widely used since the early 1980's to 
develop a general understanding of thin-skinned orogenic development. More 
recently, critical wedge studies have focused primarily on changes in boundary 
conditions of wedge development, such as the influence of surface erosion on 
wedge kinematics (Berger et al., 2008; Hoth et al., 2006; Konstantinovskia and 
Malavieille, 2005; Meigs et al., 2008; Mosar, 1999).  In the case of a steady state 
critical wedge, locally intensified erosion that acts to reduce the subaerial taper 
and remove mass from an orogen is predicted to drive a transient internal 
reorganization of strain. Subcritical taper at scales less than the length of the 
orogen thus results in locally increased rock uplift and shortening within the zone 
of intensified erosion, rebuilding that region to a critical state (Davis et al., 1983). 
 Work identifying changes in wedge kinematics related to the effects of 
erosion and sedimentation has also been done in numerical modeling studies and 
analog studies (Upton et al., 2009b; Hoth et al., 2006; Konstantinovskaia et al., 
2005; Malavieille, 2010) but relatively few studies have identified these specific 
patterns in an active thrust belt (Norris & Cooper, 1997; Wobus et al., 2003; 
Montgomery & Stolar, 2006). Identifying "reorganized" strain that characterizes a 
kinematic response to a subcritical state has generally relied on thermochronology 
data, as with examples from Alaska and the Himalayas (Berger et al., 2008; Meigs 
et al., 2008; Thiede et al., 2004; Wobus et al., 2003).  Active deformation and 
incision of young synorogenic sediments within the PTE, some 50km inboard of 
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the leading edge of the thrust belt (nearly half the entire width of the orogenic 
wedge), provide insight into the kinematic impact of variations in the erosive 
susceptibility of the wedge in central Taiwan relative to adjacent transects of the 
orogen  (Mueller et al., 2002; Powell, 2003; Upton et al., 2009b; Wilcox et al., 
2011). 
 Our study compares adjacent regions of the active Taiwanese orogen with 
respect to topography, lithologic and thrust sheet architecture and shortening to 
better understand the relationships between surface erosion and critical wedge 
kinematics in a real-world setting. We support our observations with 3D 
numerical models that explore how topography, erosion and rheology have 
controlled contraction. Additionally, we compare our observations and model 
results with results from the GPS velocity field of Taiwan.  
 
3.2. METHODS 
3.2.1. STRUCTURAL RESTORATIONS 
 Hangingwall restorations of late Quaternary thrusts were completed for 15 
serial balanced cross sections that extend across the Western Foothills (Wilcox et 
al., 2011), in order to measure shortening across frontal and penultimate thrust 
sheets that deform Pleistocene and younger synorogenic strata of the foreland 
basin. In this paper, we refer to "frontal" and "penultimate" primarily in terms of 
position within the pro-wedge, with "frontal" describing the western-most thrusts 
and "penultimate" describing the second western-most thrusts. Comparing 
shortening along strike by the relative age and cross cutting relations on discrete 
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faults is used to determine the first order distribution of slip along strike. The 
cross sections were first developed by the Chinese Petroleum Corporation, and are 
constrained by numerous seismic reflection data and borehole measurements. We 
then restored the sections based on identifiable piercing points in hanging-wall 
and footwall stratigraphic cutoffs to calculate shortening on thrust faults.  Where 
hanging-wall cutoffs were not preserved (typically in penultimate thrusts) we 
calculated minimum shortening (i.e. 'measurable shortening'). Two of the cross 
sections near Taichung were modified to improve their balance and agreement 
with other published sections through the area (Yue et al., 2005). The sections 
have not been reproduced here in accordance with permissions from the CPC, 
however seven representative sections have been previously published in Yang et 
al., (2007). Measurable shortening may not accurately reflect the full extent of 
structural segmentation due to the large amount of eroded material and 
destruction of the hanging wall ramps, making an absolute determination of total 
shortening impossible. 
 
3.2.2. FIELD OBSERVATIONS AND TOPOGRAPHIC ANALYSIS 
 Field observations used in the restorations included bedding attitudes, 
OSL samples taken from Puli and the Peikang Valley, and shallow seismic 
reflection data (from Huang, 2008). These data were used to constrain a new 
balanced cross section through the PTE. Using topographic data derived from a 
40m DEM and OSL sample ages we attempt to correlate deformation of 
Quaternary basin sediments and incision rates along the Peikang River with 
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individual structures and calculate slip rates based on our cross section.  
Additionally we attempt to qualitatively compare the relationship between erosive 
susceptibility and topography by correlating rock type distributions with 
geomorphic trends of topography for individual thrust sheets in our study area. 
  
3.2.3. NUMERICAL MODELING 
 We use FLAC3D (version 3.1, Itasca, 2006) to examine the response of a 
wedge to spatially limited erosion and/or rheological differences in the foreland. 
Our geometry consists of an elastic slab, representing the basement of the western 
foreland, beneath an elasto-plastic Mohr-Coulomb wedge (Figure 3.5a). These are 
separated by an interface along which frictional slip can occur but across which 
no material exchange occurs. Key conditions we explore within the wedge model 
are spatially limited variations in rheology and erosion rate. These variations are 
designed to capture the behavior of a homogenous wedge as it accretes a package 
of relatively weaker material with a relatively higher erosive susceptibility 
compared to other material along strike. The model construction and execution 
are identical to the models and technique discussed in Upton et al. (2009) and 
Wilcox et al. (2011), however in this paper we focus primarily on contraction and 
shear-strain predicted by the model. We then compare our model results with 
DEM topography as well as published findings from previous geodetic studies. 
 
3.3. RESULTS 
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3.3.1. QUATERNARY SHORTENING IN THE WESTERN FOOTHILLS 
FROM STRUCTURAL RESTORATIONS 
 We identify three kinematically distinct foreland and western foothill sub-
regions, based on observed segmentation of Quaternary strain along the strike of 
the Western Foothills (Figure 3.2C). 
 
Figure 3.2. 
 
Topographic profile (A) and foreland stratigraphic profile (B), both vertically exaggerated for 
clarity. Black topography is from 40m DEM, Hatched grey area is moving 5km window smoothed 
topography, Tachia, Peikang and Choshui river drainages indicated on topographic profile. 
Minimum shortening (C) is shown for Frontal and Penultimate thrusts. Balanced cross section 
profiles shown at lower right. Depths at contacts are constrained by balanced cross sections, 
section locations in panels B and C noted with dots. Locations shown for Peikang high (PKH), 
Kyuanyin high (KYH). 
 
These same three regions (Miaoli, Taichung and Chiayi) have previously been 
identified based on the presence (or absence) of reactivated inherited basement 
structures (Mouthereau et al., 2002; Wilcox et al., 2011). Shortening across the 
Western Foothills has developed over the last ~700ka or less (Simoes et al., 2007a 
& 2007b; Chen et al., 2003; Chen et al., 2007).  Our calculations of Quaternary 
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shortening across the penultimate thrusts within the foreland/western foothills (as 
determined from balanced cross sections) highlight a pattern of shortening 
consistent with the general trend of the southward propagating collision between 
the Luzon Arc and Chinese Continental Margin (CCM) (Simoes and Avouac, 
2006). While total minimum shortening along the belt decrease from north to 
south, slip profiles for the youngest frontal thrusts highlight strain segmentation 
across the northern and southern physiographic boundaries of the PTE. 
Shortening can generally be described as increasing from a minimum at the 
terminations of the thrusts to a maximum near the center of each fault segment, 
particularly in the northern (Miaoli) and southern (Chiayi) regions (Figure 3.2). 
Shortening along the young Changhua thrust, directly outboard of the PTE, 
displays a clearly asymmetrical pattern, with maximum shortening occurring 
more towards the southern termination of the fault. Maximum measurable 
shortening on the frontal thrusts in the Miaoli and Chiayi regions is similar, 
around ~3-4km. In contrast, the maximum measurable shortening on the Taichung 
region's frontal thrust (the Changhua fault) is almost twice that amount, at a bit 
over 7km. The penultimate thrusts cannot be so easily distinguished from each 
other along strike by their slip distributions, as a result of erosion of their 
hanging-wall piercing points.  
 
3.3.2. SHORTENING WITHIN THE PTE 
 Folded late Quaternary deposits within the Puli basin provide evidence of 
young active deformation within the PTE. The Puli basin is filled with upward 
 52 
coarsening unconsolidated sediments ranging from clays, silt and peat beds 
(interpreted as early lake deposits), to sandstone cobble and boulder 
conglomerates. OSL ages of basin sediments in Puli provide important, though 
limited, constraints on the timing and rates of sediment accumulation within the 
PTE.  Seismic reflection data and borehole logs from the center of Puli indicate 
that the basin contains between ~350-500 meters of sediment (Huang, 2008). OSL 
ages range from ~65ka at the basal contact of the basin sediments to ~41ka at the 
top of the highest preserved basin deposits and provide constrains on the ages of 
onset and abandonment of deposition within the western half of the basin (Figure 
3.3).  The maximum thicknesses of basin sediments lie east of the Meiyuan fault 
and the western limb of the Taomikang syncline, where modern sediment is still 
being deposited. Vertical separation between the lower bedrock/cover contact and 
highest preserved surfaces throughout the western half of the basin is on the order 
of 250-300m.  These data yield an average apparent accumulation rate of 10-
12mm/yr, over a period of ~24ka. These rates are just slightly higher than modern 
rates of incision (~9-11mm/yr) measured near the Shuilikeng fault from terrace 
ages along the Peikang river drainage immediately north of the Puli basin 
(Yanites et al, 2010). 
 Direct relationships between late Pleistocene folding within the PTE and 
blind thrusts under the Puli Basin are difficult to identify clearly. However, short 
segments of axial surfaces traced across the basin correspond to the projections of 
mapped thrusts where they are exposed at the edges of late Quaternary fill. When 
considered in light of the distribution of terrace deposits in the basin, and rapid  
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Figure 3.3. 
 
Map of major structures (top panel, location noted in Figure 1.), structural cross section (middle 
panel) and detail of Puli Basin sediments (bottom panel, location noted with purple dashed line in 
top panel, modified from Huang 2008).  OSL sample ages: 714-B: 41ka +4, 813-F: 65ka +6.    
Major folds: TPD: Tapingding, TMK: Taomikang. 
 
burial by a large alluvial fan at the east side of the Puli basin, the folds yield 
information on Late Quaternary contraction. Surface folding may result from slip 
above potential duplex structures below the PTE, internal shearing within 
Oligocene age shales or displacement across the Shuilikeng or Meiyuan thrusts 
(Figure 3.4). Minor faults, polish and slickensides along bedding planes in shale 
outcrops exposed along the Peikang River drainage suggest that internal shearing 
is common, although these features may be ascribed to flexural slip that does not 
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significantly contribute to surface or rock uplift. In addition, very short seismic 
profiles in the Puli basin are not sufficiently resolved to image Late Pleistocene 
growth strata, although these data suggest the basin deposits are generally tilted 
eastward, similar to the surface topography of abandoned lateritic terraces. 
 
3.3.3. FORELAND STRATIGRAPHY VS. TOPOGRAPHY 
 Quaternary subsidence based on observed thicknesses of Toukoshan 
(1.1Ma) age equivalent stratigraphic units within the foreland varies markedly 
along strike (Chen et al., 2001; Mouthereau et al., 2002; Wilcox et al., 2011).  The 
thickness of these youngest synorogenic sediments doubles from north to south 
across the northern segmentation boundary between the Miaoli and Taichung 
regions, and then halves again across the southern segmentation boundary 
between the Taichung and Chiayi regions (Figure 2B). The relative increase in 
subsidence rate post-dates 1.1Ma at most, based on the constant along strike 
thickness of preceding formations north of the CCM shelf break of the Taiwan 
Strait (i.e. Cholan and Chinshui formations) (Figure 3.2B).    
 We note that Miocene rocks within the central Taichung domain are not 
exposed as far to the west as the same age rocks in either the Miaoli or Chiayi 
domains, despite an apparent relative increase in shortening along the frontal 
thrust of this domain (the Changhua). The correlation of the along strike 
terminations of thrust sheets, abrupt changes in the thickness of the foreland basin 
and the topographic edges of the PTE highlight a potential link between structural 
kinematics in the central western foreland of Taiwan and the overall topographic 
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form of the orogenic wedge. Comparing the topography of the Western Foothills 
belt to the map pattern of Miocene vs. Pliocene-Quaternary rocks shows that 
younger, poorly consolidated synorogenic sediments are not present above ~750m 
elevation. This relationship includes all observable exposures of similar age 
synorogenic sediments throughout the western-vergent portion of the thrust belt. 
Comparison of E-W oriented topographic profiles through the Western Foothills 
and into the PTE highlights the differences in erosional susceptibility and 
resulting morphology between the young Pliocene-Quaternary sediments and the 
Miocene rocks of the CCM (Figure 3.4). Toukoshan and Cholan outcrops are 
highly dissected, with steep slopes and relatively short wavelengths of 
ridge/valley pairs, suggesting these rocks are eroding rapidly. In contrast, 
underlying Miocene strata support narrow ridges reaching more than 1000m in 
elevation, greater spacing of ridge/valley pairs and steeper regional slopes (slopes 
averaged over several ridge/valley pairs).  These relationships are further 
expressed where abrupt changes in average elevation and ridge/valley spacing 
occur across the Shunagtung thrust, at the contact between preorogenic and 
synorogenic strata. While a quantitative comparison of the relative strengths and 
erosive susceptibilities of preorogenic vs. synorogenic strata is beyond the scope 
of our study, variation in the average elevation across the Western Foothills belt 
with rock age supports our assertion of weaker, more efficiently eroded foreland 
basin strata. 
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Figure 3.4.  
 
A: Location map (white outline), trace of Chelungpu 1999 Chi Chi rupture (red line), 1000m 
elevation line (smoothed at 15km, yellow line). B: Major lithologic groups by age and topographic 
profile locations. C: Topographic profiles, Wu River profile projected into UTM easting 
coordinates and smoothed at 5km. 
 
3.3.4. NUMERICAL MODEL RESULTS 
 Our previous modelling of the PTE region indicated a closely coupled 
relationship between lower average topography and rock and surface uplift 
(Upton et al. 2009; Wilcox et al. 2011).  Here we explore possible links between 
lower topography and horizontal shortening as defined in the serial cross-sections 
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(Yang et al., 2007; Wilcox et al., 2011).  The model results are subsequently 
compared with the horizontal strain field as defined by GPS observations. 
 Three models were run and compared to a reference model which is 
uniform along strike both in material properties and rate of erosion (Figure 3.5B).  
Model 1 (Figure 3.5C) incorporates a zone of weaker and less dense material in 
the central outboard portion of the model representing the PTE, and imposes a 
uniform erosion rate.  Model 2 (Figure 3.5D) contains no material variability but 
imposes enhanced erosion on the central region representing the PTE.  Model 3 
(Figure 3.5E) is a hybrid of the two preceding models, incorporating both the 
central zone of weaker, less dense material from Model 1 and the spatially 
coincident enhanced erosion rate of Model 2. 
 
3.3.4.1. MODELED TOPOGRAPHY 
 Weaker, less dense material (Model 1, Figure 3.5C) is easier to deform 
and produces less of a topographic load than the more dense material surrounding 
it. Accordingly, that less dense material is more rapidly uplifted than the 
surrounding material. This preferential material uplift thus decreases material 
uplift in the region behind it, resulting in the expression of a high ridge at the 
inboard edge of the zone of weaker material and lower-than-reference topography 
in the region behind it.  Enhanced erosion (Model 2, Figure 3.5D) produces a 
local topographic low, which in turn reduces the ability of the wedge to buttress 
itself, resulting in lower-than-reference topography behind the region of increased 
erosion rate.  Combining these two effects (Model 3, Figure 3.5E), produces a  
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Figure 3.5. 
 
FLAC3D Model results. A: Model construction, including regions of varied material properties or 
enhanced erosion. B: Reference model result. White outline is region of zoom for individual 
model results. C,D,E: Individual model results and difference from reference model. 
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destructively interferring topographic signal of an intermediate elevation ridge at 
the inboard edge of the zone of weaker material, combined with a constructively 
interferring signal of lower topography behind that region of weaker and rapidly 
eroding material.  
  
3.3.4.2. MODELED HORIZONTAL DISPLACEMENT 
 We also predict characteristic patterns of horizontal displacement from the 
three models. In Model 1, there is a strong kinematic response to weaker material 
at the front of the wedge, namely a relative increase in the forward translation of 
that weaker material as a result of its more easily deformable nature relative to the 
stronger (and therefore less easily deformed) material that makes up the rest of the 
wedge (Figure 3.5C). In contrast, the kinematic response of the wedge to 
heightened and focused erosion is more complex. As material is preferentially 
removed from the central portion of the wedge, adjacent material from the central 
inboard section of the wedge moves towards the region of enhanced erosion more 
rapidly than the reference model. In contrast, and as a result of the reduced "push" 
from the rapidly eroding region, forward translation of material outboard of the 
rapidly eroding region is less rapid than the reference model (Figure 3.5D). The 
combined case of model 3 results in a very distinct kinematic pattern, with the 
predicted topographic embayment being translated towards the foreland more or 
less as a block, and reduced shortening occurring outboard of the rapidly eroding 
region (Figure 3.5E). 
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3.3.4.3. MODELED SHEAR STRAIN 
 Shear strain measured in our models gives important insight into the 
kinematic behaviors at the boundaries of the regions of weaker material and 
higher erosion rate. In Model 3, we observe a complex pattern of horizontal shear 
strain related to the differential translation and shortening of material in the 
central outboard region of the wedge. Where material in the central zone is 
translated forward more rapidly than the reference model, dextral shear is seen at 
the upper ("northern") boundary of weaker, more rapidly eroding material and 
sinistral shear is present at the lower boundary (Figure 3.5E). The outboard region 
of weaker material in Model 3 that experiences less rapid forward translation than 
the reference model exhibits oppositely polarized senses of horizontal shear; 
sinistral at the upper ("northern") boundary and dextral at the lower ("southern") 
boundary.  
 Vertical shear strain in our model is analogous to thrust faulting, with 
clockwise shear representing west-vergent thrusting and counter-clockwise shear 
representing east-vergent thrusting, as oriented in Figure 3.6. The reference model 
exhibits focused shearing (thrusting) at the very front of the wedge along the 
active deformation front and at the rear of the wedge along the suture with the 
structural backstop. Vertical shear strain results for Model 3 show no change in 
the thrust behavior of the retro-wedge along the structural backstop, however 
there is marked back-stepping of thrusting within the pro-wedge relative to the 
reference model (Figure 3.6B). This result is expected and has been shown 
previously in various analog and numerical models from other studies. 
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Figure 3.6.  
 
FLAC3D Model vertical shear strain results. A : Reference Model result. B: Model 3 result. Note 
the backstepping of “west” vergent thrusting (blue) in Model 3, and thrust activity far inboad of 
the active deformation front. 
 
3.4. DISCUSSION 
3.4.1. TECTONIC SEGMENTATION AND LITHOLOGIC ARCHITECTURE 
 A striking correlation in observations of the tectonic segmentation of the 
Foreland and Western Foothills of Taiwan becomes evident when comparing 
patterns of structural and stratigraphic evolution against topography.  The 
northern and southern boundaries of the PTE, as defined by topography, coincide 
very closely with along strike changes in shortening and an abrupt change in both 
the thickness and strike-perpendicular spacing of thrust sheets in the Western 
Foothills. The coincidence of these qualities is such that we are led to believe the 
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formation of a topographic embayment may well result from the effects of 
focused erosion at the toe of the wedge. 
 The minimum shortening amounts of the frontal thrusts along strike show 
that the Changhua frontal thrust has accommodated disproportionately more 
shortening than the other frontal thrusts to the north and south. Some of this 
discrepancy may be related to reactivation and inversion of normal faults 
underlying the thinner cover sequences in the Miaoli and Chiayi forelands. This 
would suggest that shortening in the Taichung region has been focused at the 
location of thicker deposits of easily eroded synorogenic sediments for some time, 
leading to an initial reduction in the thin-skinned shortening and thickening of the 
wedge interior at the latitude of the PTE. The continuing control of focused 
erosion on where strain in the wedge is focused has likely resulted in the current 
subcritical state of the PTE, the northern and southern extents of which are likely 
controlled by inheritance of extensional faults in the foreland basement and in 
turn the variable magnitude of proximal foreland subsidence. 
 Although we are unsure of a direct causal relationship between the 
observed foreland segmentation and fluvial processes currently acting within the 
PTE, it is worth noting that the northern and southern boundaries of the PTE 
additionally coincide with the current locations of the lower reaches of the Daan 
and Choshui river drainages, respectively (Figure 3.2).  Bedrock incision by 
powerful rivers in tectonically active regimes has been shown to have a strong 
affect on the evolution of topography, exhumation and strain reorganization in 
critical wedges (Norris & Cooper, 1997; Wobus et al., 2005; Montgomery & 
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Stolar, 2006).  We therefore posit that these large river channel networks may 
have existed in their present locations for timescales comparable to the 
Quaternary reorganization of strain associated with the PTE. 
 
3.4.2. PTE INFILLING AND KINEMATICS 
 Structural damming of the PTE and subsequent infilling of the basins can 
be mostly attributed to slip on the Shuilikeng thrust. If so, this requires a marked 
change in slip rate on the fault around 65ka, which could be related to a 
coincident change in the slip rate on other actively deforming thrusts in at the 
same latitude. Increased or renewed rock uplift above of the Shuangtung fault is 
perhaps a more likely candidate for having contributed to closure of the fluvial 
outlet of the proto-PTE, given it was the penultimate thrust at this latitude at 
~65ka (i.e. prior to the initiation of slip on the Changhua frontal thrust, Simoes et 
al., 2007a; Simoes et al., 2007b). This might be a result of the Shuangtung thrust 
sheet experiencing more rapid rock uplift as it crossed the active axial surface 
related to the lower termination of the Chelungpu footwall ramp (Figure 3.4).  
 A challenge in determining high resolution slip histories through time for 
some faults within the central Western Foothills and PTE is the variation in 
location of shortening at timescales of 104 - 105 years.  Although age constraints 
for the onset of the Changhua and Chelungpu thrusts have been determined at 
resolutions of 103 - 104 years from multiple OSL studies (Chen et al., 2003; Chen 
et al., 2007; Simoes et al., 2007a; Simoes et al., 2007b), detailed thrust behavior 
further into the Western Foothills and Hsueshan Range has not been as well 
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constrained, due largely to lack of dateable material in key areas, e.g. along the 
trace of the Shuangtung and Shuilikeng thrusts. Observations of out-of-sequence 
activity on several thrusts and active shortening as much as 50km inboard of the 
active thrust front supports the hypothesis that faults in central western Taiwan 
exhibit periodic tradeoffs in shortening across the PTE.  This type of behavior is 
predicted by numerical and analog modeling studies of subcritical tapers within 
eroding critical wedges and is interpreted to be a normal process associated with 
eroding critically tapered thin-skin wedges (Upton et al., 2009b; Hoth et al., 2006; 
Konstantinovskia and Malavieille, 2005). 
  We can draw some parallels between the observations we make in 
Taiwan, and related observations of wedge kinematics in other orogens.  The 
strike parallel kinematics of the Taiwanese thrust belt, dominated by structural 
inheritance, can be compared to wedge development across the Kazerun fault 
system in the Zagros or the Eastern Cordilleras of the central and southern Andes, 
where the orogenic wedges generally exhibit changes in their morphology and 
surface elevation across regions of inherited structural fabrics, such as extensional 
normal faults (Kley et al., 1999; Authemayou et al., 2005). Additionally, we can 
relate the convergence parallel kinematics of central Taiwan and the PTE to other 
examples of critically tapered wedges responding to focused erosion, such as 
examples from New Zealand, Alaska and the Himalayas, where the reorganization 
of internal deformation is closely coupled with surface erosion (Mosar, 1999; 
Berger et al., 2008; Meigs et al., 2008).  In these examples, and in numerical 
models that approximate the effects of focused erosion acting on a materially 
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consistent critical wedge, increased strain is observed within the area of 
heightened erosion, often along fluvial and glacial valleys. In contrast, the PTE 
provides a unique insight into the relationships between erosion, topography and 
subcritical taper. Here, focused erosion of thicker unconsolidated sediments at the 
toe of the orogenic wedge has resulted in the generation of a topographic low, but 
not at the location of the heightened erosion itself (within the western foothills, 
where erosion rates are particularly high, especially throughout the Chelungpu 
thrust sheet). Instead of seeing a subcritical taper limited to the locus of more 
efficient erosion, the subcritical portion of the wedge extends tens of kilometers 
inboard of the areas of highest erosion rates. Due to the low slope, low relief and a 
resulting mildly negative orographic effect on precipitation, erosion rates within 
the PTE are currently low relative to other parts of the orogen (Dadson et al., 
2003). 
3.4.3. GEODESY 
 Chang et al. (2003) and Lin et al. (2010) calculate geodetic solutions for 
the orogen-scale strain field of Taiwan, both before and after the major Chi-chi 
earthquake.  These studies provide excellent overviews of the orogen scale 
kinematics of Taiwan and consider the importance of a major (and apparently 
characteristic) earthquake event in reference to the long-term kinematic behavior 
of the wedge. We compare and relate average topography, variations in 
shortening and numerical model predictions with geodetic observations from the 
summarized studies to investigate the likelihood of focused erosion driving the 
formation of the PTE.  
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 The findings of these two geodetic studies conclude that the short-term  
(order 101 yrs) observable kinematic behavior of the wedge is likely characteristic 
of the longer-term kinematic behavior (order 105 years), but this may not be the 
case previous to the initiation of the Chelungpu thrust. Strain field maps from 
Chang et al. (2003) show that the Taichung region is undergoing pure shortening 
further inboard from the active deformation front and across a broader area than 
anywhere else in the entire orogen. Associated with this observation is the 
recognition of roughly linear bands of transcurrent deformation that correlate well 
with the domain boundaries of the Miaoli, Taichung and Chiayi regions.  
Additionally their findings show a correlative reduction in shortening ahead of the 
Chelungpu thrust, as well as a weaker but still noticeable decrease in strain even 
further inboard into the wedge. These patterns of deformation type and relative 
intensity are predicted by our numerical model results, and are consistent with 
observations of active folding within the Puli basin.  Lin et al. (2010) find that a 
characteristic response to recurring earthquakes on the Chelungpu fault, such as 
the 1999 Chi-Chi earthquake, are likely similar to the observed geodetic velocities 
recorded after the '99 quake (Figure 3.7) which are remarkably similar to the 
predicted displacements reported by our numerical model. 
 
3.5. SUMMARY 
 Observations of active deformation and OSL ages of young sediments 
within the PTE help in identifying the length-scales and timescales of the current  
kinematic response to a transient subcritical state within central western Taiwan,  
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Figure 3.7.  
 
Geodetic observations of Taiwan. Difference between pre and post seismic (1999 Chichi) GPS 
observations, modified from Lin et al., 2010.  The vector field result is the difference between 
average annual velocities for 1990-1995 and 2003-2005. 
 
as well as providing some constraints on the mechanisms of deformation acting 
within the PTE. 
 Structural inheritance has strongly affected the recent (<1ma) distribution 
and magnitude of proximal foreland subsidence as a result of synorogenic 
sediment loading and subsequent reactivation of preexisting Miocene age 
extensional faults bounding the Kuanyin and Peikang basement highs in the 
foreland (Wilcox et al., 2011).  The thicker sequence of synorogenic sediments 
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ahead of the PTE has thus controlled landscape evolution in central Taiwan, 
relative to adjacent regions along strike, since being incorporated into the thrust 
belt. This unique history of landscape evolution would have resulted from both 
internal and surficial processes initiating a topographic low as a result of more 
efficient erosion (and therefore mass removal) of unconsolidated sediments that 
comprise the frontal thrust sheets (Wilcox et al., 2011). 
 The current subcritical state of the PTE now drives a reorganization of the 
wedge's internal strain, with some shortening being transferred inboard of the 
western foothills.  We posit that rapid removal of material from the Chelungpu 
thrust sheet and the current mass deficit represented by the PTE drives active 
deformation within the embayment, as predicted by our numerical models.  
Classification of the PTE as exhibiting a subcritical taper (which indicates a 
potential for out of sequence thrust reactivation), together with the presence of 
active folds that are not easily related to slip on any single specific fault, 
highlights the need for additional work on geohazard assessment within the 
region. 
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CHAPTER 4 
 
SEISMIC HAZARD WITHIN THE PULI TOPOGRAPHIC EMBAYMENT, 
WESTERN TAIWAN 
4.1.  INTRODUCTION 
 Steady-state growth in thin-skinned compressive orogens is one of the 
most compelling theories to be advanced in the study of continental tectonics 
during the last two decades. Critical wedge orogens are valuable targets for study; 
they are governed by relatively simple rules that define their behavior in 
predictable ways. Thin-skinned critical wedges are also important targets for 
study due to the recurrence of strong shallow earthquakes, and in the cases of 
Taiwan, Japan, the Himalayas and the Andes, these earthquakes can affect large 
population centers located at or near the toe of the advancing wedge.   
 Initial applications of the mechanics of critical Coulomb wedges to 
tectonics  (Davis et al., 1983) have been refined in more recent models that 
describe the feedback between erosion and structural evolution (Whipple and 
Meade, 2004; Zeitler et al., 2001; Koons, 1990).  Basic tenets of critical wedge 
mechanics and the influence of erosion on critical wedges are outlined below: 
 
•  The mechanical strength of rocks and gravitational potential energy (i.e. height 
above the Geoid) provide fundamental and predictable controls on mountain 
building such as internal and basal friction. 
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• Erosion tends to reduce the gravitational potential energy of mountains by 
removing mass from higher elevations to lower elevations, thereby facilitating 
continued rock uplift, especially where erosion is rapid. 
• Focused erosion in active thrust belts may strongly affect a wedge's internal 
organization of strain if the force balance within the critical wedge is sufficiently 
disturbed as a result of mass loss. 
 
 A region of subcritical taper within an orogen (where observed taper 
angles are less than predicted based on the physical conditions existing within the 
wedge) can represent the special case in which an otherwise balanced steady-state 
system has been perturbed, destabilizing the mechanical state of the orogenic 
wedge.  The feedback between erosion and crustal thickening is described as a 
self-balancing tectonic system that drives an orogen towards a steady-state 
geometry (Willett et al., 2003). Strain within an orogen will tend to preferentially 
counteract any processes acting to lower the surface of the wedge, due to the 
dynamic balance of a critical taper.  A natural corollary is that any change in 
boundary conditions that govern overall force balance (such as climatic changes 
that may affect rates of erosion, or changes in the strength of material accreted 
into a growing wedge) must trigger a transient dynamic response such that 
deformation and erosion/transport mechanisms will mutually re-adjust (Hoth et 
al., 2006; Konstantinovskaia and Malavieille, 2005; Upton et al., 2009). 
 For Taiwan, previous hazard studies and maps have been completed for 
the frontal structures along the entire length of the Western Foothills belt (Lee and 
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Lin, 2004; Shyu et al., 2005). Since 2005, recognition of a new unnamed fault 
(mapped as transecting the Chichi hypocenter (Chou '09), classification of the 
PTE as exhibiting subcritical taper and presence of active deformation inboard of 
frontal structures (Wilcox et al., 2011), and quantification of active stream 
incision across faults within the PTE (Yanites et al., 2010) all indicate that an 
expanded discussion of potential hazards related to active structures within the 
PTE is warranted.   
  
4.2.  TECTONIC FRAMEWORK OF THE TAIWANESE OROGEN 
 Taiwan is a striking and well-studied example of an actively growing arc-
continent collision, which has been extensively described as a critically tapered 
fold and thrust wedge (Davis et al., 1983; Mouthereau et al, 2002).  The island of 
Taiwan is formed as a result of an ongoing arc-continent collision between the 
Luzon Arc of the Philippine Sea plate and the continental margin of China during 
the last 6.5 Ma (Figure 4.1).  Central western Taiwan exhibits predominantly 
west-verging thrust sheets and folds that expose progressively older and more 
deeply exhumed and metamorphosed sedimentary units from west to east. This 
region of the island absorbs almost purely compressional deformation, as 
determined from geodetic observations (Chang et al., 2003; Lin et al, 2010). Data 
gathered from seismic reflection profiles and boreholes, synthesized in a suite of 
serial balanced cross sections by the Chinese Petroleum Company (CPC)(Yang et 
al., 2007; CPC, unpublished documents) provides an excellent opportunity to 
examine recent shortening in the shallower portion of the orogenic wedge, which  
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Figure 4.1.  
 
Tectonic setting and hillshade topography of Taiwan. Tectonic terranes of Taiwan include the 
Coastal Plain (CP), Western foothills (WFH), Hsuehshan range (HSR), Central range (CR), 
Longitudinal valley (LV) and Coastal range (CoR). Also shown: Chinese Continental Margin 
(CCM), Alishan (AS), Puli Topographic Embayment (PTE). 1000m elevation line (smoothed over 
15km) in yellow, 1999 Chichi rupture of Chelungpu fault in red.  
 
is composed of deformed and variably metamorphosed sediments sourced from 
the Chinese continental margin and from subaerial erosion of Taiwan itself. 
 Previous work by Wilcox et al (2011) characterizes the topography and 
basal taper angle of the thin-skinned decollement level for central western Taiwan 
(Figure 4.2). This precedent work identifies a region of markedly subcritical taper 
that exists up to 50km inboard of the leading edge of the orogen. The extent of 
this region, termed the Puli Topographic Embayment (PTE), is coincident with  
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Figure 4.2.  
 
Top Panel: Central western Taiwan, with hillshaded topography.  Location map (modified from 
Chang et al., 2003) showing deformation type: red is contractional strain.  Major faults shown: 
Changhua, Chelungpu, Shuangtung,, Shuilikeng, Meiyuan.   
Lower Panel: Topography (A) and Taper Angle (B) along strike of the PTE. Profile C is shown in 
Figure 3 (extents shown by dotted white line). The PTE represents a major anomaly in topography 
and taper with respect to the overall Taiwanese orogen. 
 
several large historic earthquakes that delineate boundaries of tectonically discrete 
domains. In particular, the 1999 MW7.6 Chichi earthquake ruptured more than 
100km of the Chelungpu fault near Taichung. The 1999 rupture lies directly 
outboard of the PTE and corresponds almost 1:1 with the along-strike extent of 
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the region of low topography. The close spatial coincidence of low topography, 
low taper and low gravity with such a major earthquake raises important questions 
about the relationship between a subcritical region of an otherwise critically 
tapered wedge and seismogenesis in the region.  
 Several previous studies have examined the potential for out-of-sequence 
active faulting in continental, orogenic wedges.  Mukul et al. (2007) suggested 
that active faulting occurs north of the Himalayan Main Frontal Thrust (MFT), 
although the potentially active fault strands are within ~6 km of the MFT.  
Differential erosion rates across short distances (~2 km) in central Nepal, ~100km 
north of the MFT, have been interpreted as the expression of an active out-of-
sequence thrust fault (Wobus et al. 2005), but similar data are also consistent with 
the presence of a steeper decollement ramp in the region (Cattin and Avouac, 
2000).  It may be the case that above low-friction decollements, such as in the 
Zagros, out-of-sequence thrusting is pervasive (e.g. Jackson and Fitch, 1981), 
while above high-friction decollements such as the Himalaya and Taiwan out-of-
sequence thrusting is concentrated along thin belts, the position of which can be 
modulated by erosion (Koyi et al., 2000).  In Taiwan, the 1999 Chi-Chi rupture 
(Figure 4.1) occurred on an active out-of-sequence thrust (Kao and Chen, 2000) 
up to 20km from the active deformation front.  Active faults in the PTE represent 
internal deformation of the Taiwanese orogen yet farther inboard of the Chi-Chi 
rupture. 
 
4.3. ACTIVE DEFORMATION WITHIN THE PTE 
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 Ongoing deformation of Quaternary fluvio-lacustrine sediments within the 
Puli Basin is observable over broad, tilted, gently folded and incised lateritic 
terrace surfaces surrounding the western half of the active basin floor (Mueller, 
2002; Powell, 2003; Wilcox et al., 2011)(Figure 4.3 & 4.4). The Puli Basin is the 
largest of a chain of wedge-top basins that occupy the PTE and is heavily 
developed; infrastructure or agricultural fields cover most of the basin floor. The 
floor of the basin itself covers approximately 40 km2 and tilts gently to the west, 
at about 0.5 degrees towards the basin outlet.  
  
Figure 4.3.  
 
Map of correlative terrace surfaces within Puli Basin. Pink shading denotes the oldest surface, 
yellow denotes the active basin floor and orange denotes an intermediate age surface. OSL sample 
ages are reported in Table 1.   Major folds: TPD: Tapingding, TMK: Taomikang.  
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The combined areas of the two largest terrace deposits are comparable in extent to 
the active floor of the basin itself, at ~35km2 for the north terrace (DD' in Figure 
4.4) and ~15km2 for the south terrace (GG' in Figure 4.4).  
 
Figure 4.4.  
 
Oblique view of Puli Basin terraces, with topographic profiles, plotted with respect to UTM 
easting coordinates.  Red indicates oldest terrace surface (ca. 40ka), orange indicates intermediate 
age surface, yellow indicates active basin floor. Profile locations shown in Figure 4. 3. 
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These largest terrace surfaces have been back-tilted, dipping an average of 3.5 
degrees towards the east. Optically stimulated luminescence (OSL) ages of 
sediments sampled from these terraces give depositional ages ranging from ~65ka 
at the basal basement/cover contact to a minimum of ~41ka at the upper surface 
of the northern terrace (Table 1). We interpret this younger age to represent the 
time when the terraces were originally abandoned, implying that all visible 
deformation of their surfaces occurred in the last ~40ka. Some isolated terrace 
surfaces are identified within the active floor of the basin, but the age of these 
secondary surfaces is unknown. Based on a relatively reduced degree of back 
tilting that mimics the shape of adjacent older surfaces, we interpret these as 
progressively deforming surfaces that were more recently abandoned (EE' in 
Figure 4.4). 
 Several subtle folds are observed throughout these tilted terrace deposits, 
particularly on the northern terrace. Attempts to map axial surfaces and correlate 
these folds across the basin have not been particularly successful, due to the high 
degree of fluvial incision across the terraces and resulting short trace-lengths of 
identifiable fold axes. Generally, these folds are small compared to the full extents 
of the terraces, with axial trace lengths generally less than 1km and half-
wavelengths (peak-to-trough) of ~1km or less. All identifiable fold axis traces 
appear to trend roughly north-south, or slightly northeast-southwest, indicating 
east-west contraction. 
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4.4. ACTIVE FAULTS AND FOLDS WITHIN THE PTE 
 Activity of faults and/or folds within the PTE has been identified through 
mapping stream-power and steepness indices on the Peikang river, and in some 
cases quantified with high-precision leveling surveys and OSL dating of sandy 
lenses within abandoned terraces both surrounding Puli and along the banks of the 
Peikang river drainage (Sung et al., 2000; Yanites et al., 2010; Powell, 2003; 
Chang et al., 2003; Ching et al., 2011).  Major faults that either bound or cross the 
PTE include, from west to east, the Shuangtung, Shuilikeng, Meiyuan and Tili 
Faults (Figure 3.3). Major folds that deform the sediments in and around the Puli 
basin include the Tapingting anticline and Taomikang syncline (Figure 3.3).  
 In terms of determining potential fault rupture and Mw solutions, this 
work focuses primarily on the Shuilikeng fault. Some work on estimating seismic 
hazard for the Shuilikeng has been carried out previously (Lee and Lin, 2004) but 
that work used fault geometries which were not as well constrained as more 
recently published solutions (Yue, 2007; Wilcox et al., 2011) and in fact may 
have over-estimated the maximum Mw for potential earthquakes on the 
Shuilikeng.  Apparently undeformed terraces mantling the Shuangtung fault 
suggest that it is not currently active, however a lack of dateable material in these 
terraces makes it difficult to infer the age of most recent activity on the 
Shuangtung at the latitude of the Wu river (Wilcox et al., 2011). The Tili fault 
marks the eastern physiographic extent of the southern half of the PTE, where the 
average slope of the orogenic wedge increases markedly up to the range divide. 
 
 80 
4.4.1  THE SHUILIKENG FAULT 
 The boundary between the western foothills and the Hsuehshan range is 
marked by the N-S striking Shuilikeng fault. This fault has been characterized in 
differently in several published papers, from a steeply westward dipping normal 
fault (Yue et al., 2005) to a moderately east-dipping thrust fault (Wilcox et al., 
2011). The fault is interpreted as originating as a normal fault, active during 
Miocene extension of the Chinese continental margin, which has been inverted in 
a thrust sense following its incorporation into the thrust belt (Yue et al., 2005; 
Sakaguchi et al., 2007). The direction of the large scale pattern of back-tilting of 
the young sediments surrounding the modern Puli basin, considered together with 
the fact that none of these young sediments are preserved west of the trace of the 
Shuilikeng, suggests that slip on this fault is responsible for the abandonment of 
these large terrace surfaces. Currently, incision across the Shuilikeng determined 
from OSL dates of Peikang river terraces and their above-stream heights yield 
rates ranging from 9-11 mm/yr (Yanites et al., 2010). Considering a near-surface 
dip for the fault of 55 degrees, this translates into a slip rate of 7.3-12.2mm/yr, 
which is in good agreement with estimates of slip rates from Simoes and Avouac, 
2006. Furthermore, incision rates calculated from the upper surface age of the 
large lateritic terraces around Puli and their height above the active basin floor 
indicate an incision rate at the outlet of the basin of ~10-12 mm/yr (Wilcox et al., 
submitted manuscript (2012)).  The along strike length of the fault is 
approximately 30 km and the down-dip extent to where it soles into the thin-
skinned decollement is 9km, which is significantly less than the 15km depth used 
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in Lee and Lin (2004). However, if one includes a conservative estimate of slip 
along the decollement occurring beneath the topographic extents of the PTE, that 
down-dip extent increases to ~22km 
4.4.2 THE MEIYUAN FAULT AND SECONDARY STRUCTURES 
 The Meiyuan fault lies between the Shuilikeng and Tili faults, where it 
offsets Eocene and Oligocene age rocks (Figure 3.3). The fault strikes an average 
of N30E and dips east at 58 degrees near the surface. The Meiyuan surface trace 
is inferred across the Puli basin where bedrock is not exposed, and crosses the 
Peikang river drainage north of Puli at the physiographic transition from the PTE 
into the higher peaks of the Hsuehshan Range. The dip at depth is poorly 
constrained, although one balanced structural solution suggests that the dip may 
become less steep at depth (Figure 3.3). Additionally, the fault may involve 
duplexes at depth. High steepness indices and a calibrated river incision rule 
imply active incision of more than 9mm/yr upstream of the fault in the Peikang 
river drainage (Yanites et al., 2010), however due to a lack of suitable material for 
OSL dating this rate is difficult to verify. Actively growing folds in young fluvio-
lacustrine basin sediments in Puli township directly above the fault could indicate 
recent or ongoing activity along it. 
 A complicating factor in determining exactly how folding at the surface is 
related to slip on the Meiyuan fault is the widespread evidence of bedding-parallel 
flexural slip within numerous parasitic folds observable along the Peikang river 
drainage, particularly downstream of where the fault crosses the river. Much of 
the folding within the terrace surface to the north of the Puli basin (DD' in Figure 
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4.4) occurs west of the inferred trace of the fault through the basin, suggesting 
that folding there is in fact not directly related to slip on the Meiyuan. Flexural 
slip within the shales of the Paileng formation that underlies the Puli basin may be 
responsible for much of the minor folding, however it does not provide an 
acceptable mechanism for the overall back-tilting of the terrace surfaces. Another 
subtle feature associated with the folds visible on these terrace surfaces 
(particularly on the north terrace DD') are what we interpret to be minor tectonic 
scarps, possibly associated with shallow east vergent back-thrusting. None of 
these potential scarps have been excavated in paleoseismic studies, so there is no 
subsurface data available to verify whether back-thrusting is actually present 
within Puli.  
 
4.5. ESTIMATIONS OF MAXIMUM Mw FOR THE SHUILIKENG FAULT 
 Seismic hazard estimates require that seismic sources be identified and 
characterized.  We create a reasonable model fault source for the PTE with the 
following observations and assumptions in mind. First, the backtilted, abandoned 
surfaces along the margins of the modern PTE basin are most easily explained by 
progressive tectonic deformation above a thrust fault or set of thrust faults.  This 
is consistent with preexisting surficial mapping, structural cross sections, and 
seismicity in the region.  Second, the simplest explanation for the distribution of 
deformed surfaces is a thrust fault roughly coincident with the Shuilikeng fault, 
which appears to be the main active structure beneath the PTE.  Finally, we 
constrain the subsurface geometry of the model fault with a structural cross 
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section (Figure 4.3), which may only roughly approximate the location and 
geometry of the latest Pleistocene-Holocene active fault strands beneath the PTE. 
 With these constraints and assumptions in mind, we generate the fault 
model shown in Figure 4.5. The maximum length of the model fault is 30 km, the 
mapped length of the SLK, and the fault extends to ~6 km depth where it soles 
into the decollement. The actual down-dip extent of the fault from the surface to 
the decollement is ~9km considering a moderately dipping thrust geometry. To 
account for possible variation in rupture lengths, we divide the model fault into 
subunits that encompass reasonable, but hypothetical, rupture patches.  The 
smallest rupture patch (A) is limited to the area directly adjacent to the modern 
topographic expression of the Puli basin and surrounding terraces, while the 
largest rupture area is the full length of the SLK and extends beneath the entire 
PTE. 
 To establish potential earthquake magnitudes from the slip patch models 
for the Shuilikeng fault, we use the Hanks-Bakun relation (Hanks and Bakun, 
2008).  Mw for thrust faults can be related to fault area (A) by the following: 
Mw = logA + 3.98 ± 0.03 (A ≤ 537 km2) 
Mw = 4/3 logA + 3.07 ± 0.04 (A > 537 km2) 
 
Fault area (A) is the product of rupture length and down dip rupture extent, which 
we measure from the cross section in Figure 4.3. Due to the thin-skin nature of the 
wedge within the PTE, we must consider influence of the decollement on rupture  
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Figure 4.5.   
 
Slip patch map used for Mw calculations. White line delineates the western boundary of the PTE. 
Eastern limit of slip patches constrained from cross section (Figure 3). Not that panels A and B 
represent a moderately dipping surface, resulting in a shorter apparent length in map view. Four 
areas were calculated, based on the following models:  
A) narrow rupture, fault only = 126 km2  
A+B) wide rupture, fault only = 270 km2  
A+C) narrow rupture with slip on decollement = 308 km2  
A+B+C+D) wide rupture with slip on decollement = 660 km2  
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area.  Based on our cross section the SLK soles into the shallow decollement. This 
complicates rupture scenarios; for the largest ruptures, we conservatively estimate 
a rupture along the decollement that encompasses the extent of the PTE. 
 Our estimates of potential Mw 6.0-6.9 earthquakes along the SLK are 
slightly lower than a previous analysis from Lee and Lin (2004), which estimated 
a maximum Mw 7.1 for the Shuilikeng (Table 2). The difference is due to our 
assumption that rupture will depend on the linkage with the shallow decollement.  
If rupture of the SLK extends farther downdip along the decollement, or if rupture 
of a structure deeper than the decollement accompanies shallow rupture of the 
SLK such as occurred during the 1999 Chi Chi event (Yue et al., 2005), the 
corresponding rupture magnitude will be larger than the estimates we present 
here. 
 Considering the relatively shallow depth that earthquakes could nucleate 
at (<6 km) and the unconsolidated nature of sediments that makes up the floor of 
the Puli Basin, ground motions associated with rupture of the SLK could be high 
in Puli and the surrounding towns. Further efforts to constrain the geometries of 
the active strands of the Shuilikeng and other active structures beneath the PTE, 
and matching these geometries to observed late-Pleistocene surface deformation 
patterns, will greatly improve estimates of seismic hazard in this out-of-sequence 
setting. 
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4.6. SUMMARY AND CONCLUSIONS 
 Central western Taiwan exhibits a region of markedly lower elevation and 
wedge taper relative to the rest of the subaerial portion of the orogenic wedge, 
which we refer to as the PTE. The occurrence of out-of-sequence thrusting (e.g. 
1999 Chi Chi) and the observations of young (post 40ka) and apparently ongoing 
deformation far inboard of the active deformation front, coincide with the extent 
of the PTE and suggest that better estimates of seismic hazard are needed. 
Mapping of stream power and the use of calibrated river incision rule (Yanites et 
al., 2009) have identified the Shuilikeng as an active fault within the PTE. 
Furthermore, the geometry and position of back-tilted, deformed and incised 
terrace surfaces in and around the Puli basin are further evidence of active slip on 
the Shuilikeng. OSL dates of terrace deposits, both along the Peikang river 
drainage and within the Puli basin itself, yield generally similar rates of incision, 
which vary from ~ 9-12mm/yr near the trace of the Shuilikeng. A new estimate of 
Mw for the SLK is based on new fault geometry (Wilcox et al., 2011) and 
conservative slip-patch models constrained by a balanced cross section and the 
geometry of the PTE, yields potential magnitudes ranging from 6.0-6.9. Smaller 
scale folding within the Puli basin terraces is difficult to assign to slip on a single 
fault, and may represent secondary modes of deformation such as bedding parallel 
flexural slip along parasitic folds within the Paileng formation, or possible small-
scale back-thrusting. Given the rapidly growing development of infrastructure 
within the PTE, actively developing better constraints on the mechanisms of 
ongoing folding and potential faulting within the region is encouraged. 
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